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EFFECTS OF THE COOLING SYSTEM PARAMETERS -
ON HEAT TRANSFER AND PERFORMANCE OF THE
PAFC STACK DURING TRANSIENT OPERATION

RABI M. J. RIDHA

ABSTRACT

An experimental invéstigation .for the effects of
transient operation of a phosphoric acid fuel-cell stack on
heat transfer and temperature distribution in the electrodes
has been conducted.

The proposed work utilized the experimental setup with
modifications, which was designed and constructed under NASA
Contract No. NCC-3-17(5) - The.experimental results obtained
from this jnvestigation and the matnematical model obtained
under NASA Contract No. Ncc3-17(4) after modifications, were
utilized to develop:matbematical models for transient heat
transfer coefficient and temperature distribution in the
electrode -and to evaluate the performance of the cooling
system under unsteady state conditions. The empirical
formulas developed were then implemented to"modifying the
developed computer che.

Two incompressible cooiants were used to study'
experimentally the effect of the thermophysical properties of
the coolants on the transient heat transfer coefficient and

the thermal contact resistance during start-up and shut-down

processes. Coolant mass flow rates were verified from 16 to

b

during the transient process when the electrical




power supply was gradually increased or decreased in the range

(0O to 3000 W/mz). The effect of the thermal contact
resistance with a range of stack pressure from 0 to 3500 KPa

was studied.
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CHAPTER I
IN‘I‘RODUC’I‘iON
A phosphoric acid fuel cell powar plant is an energy
conversion system that can efficiently utilize different
nydrogen rich fossil fuels, reduce emission of harﬁful
chemicals, and offer‘a very economical co—generatlon system.
Therefore, fuel cell system analy51s efforts concerned w1th
different systems des1gn and operatlonal cr1ter1a are
essential for de51gn optlmlzatlon to. 1mprove system

performance and cost effectiveness.

1.1 Fuel Cells .

A fuel cell is defined as an electrochemical device
which can continucusly convert . the chemical energy. of
hydrogen fuels and oxidant to electrical energy. Most of
the available fuel cells today are primary electrochemical
cells, and generate electrical energy. in a similar way as
the conventional primary cells, such as the very commonly
used zinc-manganese dioxide battery. However it should be
noticed that the process of galvanic oxidation that actually
causes the production. of electrical energy in fuel cells
and, which resembles the process that produces energy in
conventional primary storage batteries, is continuous. That
is, mainly due to the fact that the construction of fuel

cells permits continuous feed of reactants and continuous
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product removal during the irreversible electrochemical
oxidation process. Therefore, different design and
engineering from that found in the conventional primary
storage batteries are required in the case of fuel cells
pecause of that continuous operation. In addition, the fuel
cell chemical reacticns always involve chemisorptioﬁ and
catalytic processés.

Basically the phosphoric-acid fuel cell system consists
of two electrodes, cathode (positive electrode) and anbde
(negative electrode), separated by -an electrolyte. The
electrolyte will serve as a medium to transmit ions.
Hydrogen, the fuel, is'supplied to the anode while oxygen,
the cxidant from air, is supplied to the cathode. Utilizing:
a catalyst on the anode causes the disassociation of the
hydrogen molecules (H,) into hydrogen ions and electrons.
Then the hydrogen ions travel through the electrolyte to the
cathode and react with electrons supplied by an external
circuit load. The hydrogen atoms react with oxygen to form
water. This process can be summarized for a H,-O, fuel cell

as follows (see Figure 1).

A. Anode Reaction:

H, —  2H" + 2e-

B. cCathode Reaction:

1/2 0, + 2H," + 2e- — H0

C. The Control Volume Reaction:

H, + 1/2 0, _, HO0 + Q + E.E. .-
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thermal energy,
E.E. = electrical energy.

The anode reaction and the cathode reaction proceeds
until a potential is established. This will bring the
reaction into the equilibrium exhibited by the control
volume reaction equation. Figure 2 shows the potential
relations of a complete fuel cell. In general, the cell

potential can be defined as:

4E = Ecathode - Eanode :

1.2 Fuel Cell Classification_and Advantages of PAFC

There are sevefal methods of classifying fuel cellé,
mainly according to their components énd étructuré. An
important classification of fuel cells is aécording to the
used electrolyte. Essentially there are three types of fuel -
cells being developed to be a complate or a co-generation

power plant; acid (A),‘molton-carbonate (MC), and solid

oxide fuel <cells. These fuel cells are further
distinguished by the temperature = of operation
classification.

Acid fuel cells utilize acid electrolytes because acids
are tolerant to carbon dioxide which permits the use of
hydrogen and oxygen with low purity. Phosphoric acid fuel
cells are the most developed fuel cells, according to
reference [1]. In addition, PFAC is economical to build and

operate due to its simple design, (see Figure 3).
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PAFC Systems

Figure 4 shows a diagram of a simple phosphoric acid

fuel cell power plant.

-mmwmq-n‘.-v.;,, hr e

subsystems:

Fuel Processor: This subsystem consists of
three components. The reformer which is a
catalytic reactor with variable temperature
that can reach 1200°C with a pressure of 10
atm. Double shift converters and heat
exchangers will function in association Viﬁh‘
the reformer to consume fossil fuel such as
natu;al ~ gas, ».methanb;- aﬁd néphathé.'td

produce hydrogen.

Fuel Cell Power Subsystem: Through  this

stage the Oxygen-Hydrogeh' reaction takes
place and electrical energy, thermal energy
and water will be the reaction _products.
The thermal energy generatéd is reméved
continuously by a cooling éysteﬁ to avoid
the accumulationiof' heat which can cause
high thermal stresses and electrode plate
failures. This subsystem basically
consists of several fuel-cell stacks.
Cooling is provided to these models by
arranging them in a sandwich configuration

where the cooling plates surrounds a group

The plant consists of three major
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than 8 hours. Plant centrol during COLD STARTUP will be

manual.

1.4.2 WARM STARTUP

WARM STARTUP transient mode is defined as the plént
transient from STANDBY to POWER. The Plant will be designed
for WARM STARTUP to the minimum POWER condition in a time
interval of less than one hour. Plant -control during WARM

STARTUP will be either automatic or manual.

1.4. 3 WARM SFUTDOWN

WARM SHUTDOWN transxent mode is deflned as the plant
transient from POWER to STANDBY. The plant will be de51gned
to complete a WARM SHUTDOWN from minimum power in a time
interval of less than one hour. Plant control durlng WARM

SHUTDOWN will be either automatic or manual.

1.4.4 COLD SHUTDOWﬁ

COLD SHUTDOWN transient mode is defined as the plaﬁt
transient from. STANDBY to COLD STOP. ' The plant will ke
designed to complete a COLD SHUTDOWN in a time interval of .
less than 8 hours. Plént control during COLD SHUTDOWN will

be manuail only.

1.4.5 EMERGENCY SHUTDOWN
EMERGENCY SHUTDOWN transient mode is défined as the

Plant transient from a faulted condition during power
OPeration to STANDBY. The plant will be designed to
Complete an EMERGENCY SHUTDOWN in a time interval of less
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‘thagkf;élkghr§3 however, plant electrical power output will
pe disconnected from the utility transmission line in nearly

0.05 seconds. Plant control during EMERGENCY SHUTDOWN will

pe automatic only.

1.4.6 EMERGENCY STOP

____.__._————

EMERGENCY STOP is defined as the plant transient from
a faulted condition during any plant operation or transient
to COLD STOP. Plant control during EMERGENCY STOP will be
automatic only. ' _

The NASA Lewis Researchiéenter, Fuel Celi Ooffice,as the
lead center for the PFAC Teehnology Program, has directed
research and development efforts toward reducing cost,
increasing 1life span; and 1mprov1ng performance and
reliability of the fuellcell stack. In the technology area,‘
some of the dlfflcult problems that prevent the attalnment
of these goals are caused either by high temperatures at
some regions of the electrode plate surface or by excessive
temperature difference. While high temperature can cause
corrosion of.various.components in the fuel cell module and
excessiﬁe boiling ano evaporation ofvthe electrolfte, high
temperature difference between various regions can produce
thermal stresses that result in cracking or warping of the
cathode and anode plates. These material problems can be
especially compounded when the-fuel-cell stack is subjected
to sudden or gradual change of the electric output which is

usually accompanied by a proportional change in the rate of
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flow of the heat generated. As a consequence, the fuel-
cell module undergoes a finite volumetric expansion or
reduction, depending on the change in the rate of heat
generated. In turn, an increase or decrease of the volume
of the stack will produce a proportional change in the
clamping pressure which is used to hold the stack of fuel-
cells and cooling plates together. However, the
investigations, which were conducted under NASA Grant No.
NCC 3-17(5) proved that a strong nonlinear functional
relation exists between the clamped pressure and the overall
heat transfer coefficient between the coolant and the
electrode plates.

Thus, in addition to maintaining an almost uniform
temperature on the electrode plates under steady state
condition, the cooling system must make the necessary
adjustments to cope with the compounded problem of changing
the overall heat transfer coefficients and the rate of heat
flow under unsteady state conditions. To achieve these.
tasks, accurate information concerning the nature of the
functional relation between the stack clamped pressure and
the overall heat transfer coefficient and the temperature
distribution in the electrode plates, under unsteady state
conditions, will be needed.

It should be noticed that previous work, under NASA
Contract No. NcC 3-17(4), was directed to develop a computer
model for the transient temperature distribution in the

electrode plates and the fuel-cell stack. However, this
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contains various heat transfer coefficients that have not
pbeen experimentally determined and, thus, have not taken
into consideration the ‘effect of the thermal contact
resistance which effect the performance of the (PAFC)

performance dramatically.




CHAPTER II
LITERATURE REVIEW
only limited information exists on phosphoric acid fuel
cell temperature distribution, stack pressure effects,
thermal stability and cooling requirement during transient
operational conditions. Alkasab and Lu [1] studied the
response of a phosphoric acid fuel-cell stack power plant.
They developed a mathematical model to describe the mass and
heat transfer rates. A Fartran computer code was developed
utilizing the matheﬁaticai model to simulate the effect of
the current density, cell-plate dimensions, and reactant
flow rates, on the temperature distribution. Baker, et. al. .
[2,3] conducted intensive studies of electrcchemical-
systems. A mathematical method was developed for both thick
and thin stacks. The peak stack temperature was estimated
for an isothermal wall case. Green's function was used to
develop a formula to detect the non?-uniformity of heat
generation. Westinghouse [4,5] developed a simulation code
which uses finite element analysis to calculate current-
voltage charactgristics, thermal energy generated and power
as a function of the reactants' properties and the fuel-cell
temperature distribution. Alkasab [6] et. al. investigated

the performance of the PAFC model and succeeded in

developing a thermodynamics model. Boyle [7] analyzed the
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heat transfer characteristics of the turbulent flow through.
serpentine passages. Buggy [8] conducted a feasibility
study of using fuel-cells as commercial electric utilities.
NASA [9,10] was heavily involved in several important
researches concerning the performance of experimental PAFC
under different transient operational conditions. In those
studies, the efficiency of the cooling system was tested
when separate gas, process gas and liquid cooling fluid are.
used. NASA [11] presented a comparison that considered the
effect of different cooling systems on the performance,
construction simplicity, reliability, thermal -pollution,
and cost of cooling subsystém and electrolyte cost. . Two
phase inter-cell cooliﬁg was tested by U.T.C. [12] for 'PAFC.
The testing revealed the poor performance of that cooling
system due to the need to protect the copper tubes in the
corrosive acid environment which lead to dramatically
reducing the convective and conductive heat transfer rates.
Alkasab and Abdul-Aziz [13] conducted an experimental and
analytical study of the effects of the cooling system-
perameters on the electrode heat transfer characteristics
and investigated the stack pressure effect on the heat
transferred by the coolant, the thermal efficiency, the
thermal contact resistance and the effective temperature
differential. The study revealed the dependence of the
overall heat transfer coefficient and the thermal efficiency
on the stack pressure for the different coolants and cooling

system configuration used. Significant improvement in both
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the overall heat transfer coefficient and the thermal
efficiency were noticed with higher stack pressure. . Abelson
(14] monitored the transient performance of a 200 kw PAFC
plant and noticed that the equipment can respond rapidly to
changes in the 1loads and efficiency is approximately
constant as a function of demand in the interval 30% to 100%
of the rated capacity.

conway [15] considered PAFC researches in Europe and
summarized the development achieved  so far. The study.
concluded that PAFC as a co-generation- system can be:
considered reliable for transient loading. Makansi [16]
studied the feasibility of thé concept of integrating power
systems utilizing PAFC systens and PAFC units for
residential applications. The results reported by the study
predicts a steep decrease in the PAFC - construction and
operational cosfs of PAFC as a co-generation system using
natural gas as a fuel. A time-dependent performance
analysis of a 200 KW PAFC field test system at Hotel Plaza
Oraka, Japan was presented by Singer et.. al [12]. High
efficiencies were noticed when the PAFC systems were
compared to other co-generation systems especially when the
combined cycle was used, i.e. the use of the generated heat.
The transient efficiency change with a start-up process
results are summarized in Figure 5.

Hart [51)] presented a thermodynamic model to calculate
the electrical and thermal energy generated due to the

electrochemical reactions for different fuels and cell
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White [36] studied the viscous laminar and turbulent

internal flows. Karlekar and Desmond [37] analyzed heat
transfer rates in different configurations of mixed and non-
mixed heat exchangers and provided several mathematical
models to calculate the effectiveness as a function of the .
heat exchanger design, flow rates and conductance of the
components. Also, a complete convective and conductive heat
transfer analysis was presented for different boundary
conditions of flow over a flat plate and in tubes. In
addition, several techniques to determine the heat transfer
coefficient were discussed. |

Several accurate methods are available currently tc
measure experimentally the convection heat. transfer
coefficient. One cf the most accurate methods is to use
electrically conducting wall coatings and sense the change
in current intensity at different locations. Omega [66]
employed carbon impregnated' coating on plastic plates and
gold vapor deposited on a polye_ster sheet. Bailey Control
[67] utilized infra-red photos of the cooled plates to
determine the transient heat transfer coefficient and
temperature equilibrium. One of the less expensive and less
accurate methods of measuring the local convective heat
transfer coefficients is to employ electrically heated
Plates. The major source of error is the energy loss
through radiation which is very difficult to evaluate as

concluded by Hart [51]. -In addition, electrically heated
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stainless steel foils with surface thermocouple; were used
to measure the transient change of local heat transfer
coefficient in a wind tunnel by Boyle [7]. The major source
of error again is the radiation heat transfer to the
surroundings. An important experimental method used in heat
exchangers to measure the heat transfer coefficient is to
monitor the fluid temperature and volumetric flow rate and
use this information to calculate the change in enthalpy.
The only concern when using this method should be the
possibility of disturbing the flow and accuracy of the flow
meter used.

The imperfect contact bétween fuel-cell plates and
cooling plates in the .fuel-cell stack  causes thermal
resistance fhat depend upon the pressure. imposed on the
whole stack. This thermal resistance.is called contact
thermal resistance. As mentiohed-before, this parameter
aust be considered in the calculation of the fuel~cell heat
transfer rate.

This important thermal resistance is due to the absence
of perfect contact between any two conductive surfaces and
the existence of air gaps. Therefore, not all the solid
volume in contact is available and a undirectional heat flow
away from the contact surfaces will exist.

The instantaneous thermal contact resistance parameter
€an be calculated using the Fourier equations away from the
interference location. Alkasab and Abdul-Aziz [13] measured

the steady-state temperature variation of the fuel cell
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plate at different thicknesses and at the fuel-cell plate
cooling plate interferance. Brunont and Buckland ([63]
presented a study that demonstrates the effect of contact
pressure and surface roughness on the value of the thermal
contact resistance of cold rolled steel joints. The thermal
contact resistance was found to decrease dramatically with
reducing the surface roughness.

Pomerantrev [61] investigated the effect of therﬁal
contact resistance on the heat flow and thermal stress in
solids of revolution of arbitrary shapes. Barzely et. al.
(64,65] analyzed fhe contribution of different métal
combinations, using the same thicknesses, sample
temperatures, heat flow direction and vertical pressure on
the sample on the total value of the thermal cénﬁact-
resistance. The thermal contact resistance for a certain
combination was found. to -increase with increasing the
vertical pressure and depends heavily on the heat flow

direction.
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CHAPTER III

EXPERIMENTAL BET-UP

In this chapter a summarized description of the
experimental set-up used to generate the néeded data and a
brief procedural review will be presented;

The experimental set-up, shown in Figu:e 6, consists
of the following components: | . )

1. Fuel-cell unit.

2. Special insulation

3. Power supply unit.

4. Cooling system.

5. Temperature measurement equipmentr -

6. Flow circulationrand measuremenﬁ:eéuipment.

7. Data acquisition system.

8. Fuel cell stack pressure control and méasurement

equipment.

The experimental sét-up components can be described as
follows.

3.1 Fuel-Cell Unit

In order to simulate the heat generated by the chemical

A g

reaction inside the fuel cell during an actual transient
Operational condition of the PAFC, an electrical heat

Source, was placed inside the cell plate of the experimental

20
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fuel cell model with the required power. The electrical
heat source consists of four nickel-chromium alloy coils.
The power provided to each coil can be controlled by
changing the voltage across the coil.

The heating elements are sandwiched by the lower
graphite plate, {0.3m x 0.41lm Xx 9.5mm) -and marinite plate
from -one side and the upper graphite plate (0.3m x 0.41m Xx
6.35mm) and a mica sheet from the other side. The marinite
plate and the mica sheet were used basically to prevent any
contact between the heating elements and the electricalliy

conductive graphite plates. See Figure 7.

3.2 Power Supply Unit

The power supply unit has the ability to provide six
independent variable subpower supplies. Also it can provide
readings for the supplied voltage and amperage for each of
those sources.

In order to measure accurately the voltage and
amperage, a separate voltmeter and an ammeter were used at
the interface of the power supply wires witﬁ the hgating'
elements as shown in Figure 8. The energy level was simply
calculated as follows:

P=1I%*E (1)

P
E.E. =} ‘ (2)

3.3 Special Insulation

The effect of heat losses from the control volume by

-

‘u‘k’
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radiation and convection was obvious on the accuracy of the
gathered data. Therefore appropriate insulatibn was

critically important to obtain acceptable results. Two
Binder-Cement millboards were used above the upper graphite
plate and below the cooling plate. Magnisa-85 insulation
was used also to reduce heat 1losses above the upper
millboard. Both of these insulations were used because of
their ability to withstand high temperatures 300°C and
above. Also all the clearences between the metal plates and
the cell container walls were sealed by an insulation tape.
In addition, insulation cement was used to seal any holes

or clearence between the metal surfaces.

3.4 Cooling System

A serpentine cooling plate configuration was used for
the removal of the generated heat, as shown in Figure 9.
This confiéufﬁtion consists of a 9.5 mm in diameter copper
tube sandwiched by the graphite- plates. = The required
potential energy for the cooling fluid circulétion was
Provided by a constant speed pump. A méximum flow rate of
5 gpm can be obtained. The complete water cooling system
is shown in Figure 10 while the complete 0il cooling system
is shown in Figure 11. The different volumetric flow rates
and in relation the different Reynolds number were provided

by three adjustable valves that will extract some of the

working fluid from the line entering the fuel-cell module.
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Temperature Measurement Equipment

0.25 mm diameter T-type thermocouples were used inside

3.5

the fuel cell unit to monitor the temperature distribution.
A Fluke (model 2201 A) scanner chassis and a Fluke (model
2200 B) data logger will serve as the data acquisition
systen. This reading can provide continuous logging of 100
temperature readings. The data logger was interfaced with
a computer to monitor and record the following:
(a) The transient temperature distribution of the
cell-plate.
(b) Temperature of the working fluid entering and
leaving the fuel-cell module.
(c) Thermal contact resistance at the interface

between the cell plate and the cooling plate.

3.6 Flow Measurement Eggigment

The main flow vate can be read by u51ng a flow meter
and a turbine flow transducer. The second device has the
ability to measure high tempereture fluid flow, with high
pressure with an accuracy of 0.4 gpmn. This device was
interfaced with the (MG Model 614A) counter to convert the

frequency to digital readouts.

3.7. Data Acquisition System

An ARC (286 turbo) IBM compatible computer was used to
monitor and record the time-dependent temperature proflles and

the isotherm locations in conjunction with the coolant flow

rate and power supplied to the heating element for the
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determiHEd time intervals during a simulation of a start-up

or 3 shut-down operation. This interface was used to produce
the Figures of the instantaneous jocations of the isotherms
using 2 (h/pP) plotter. Each isotherm was expressed with a
certain color. The figures produced also contained the
Reynolds number of the test, the electrical energy level,

temperature tolerance of the jsotherms shown, the time
interval and type of the coolant working fluid. The time
interval for recording and interpreting the experimental

instantaneous data was approximately 3.5 seconds. This

guaranteed an accurate input to the results' calculations.

3.8 Fuel cell Stack Pressure control and neasurement
ngipmegt

The pressure applied on the PAFC was simulated by
sandwiching the fuel cell plates and the cooling fluid plate
between two metal plates andﬂapplyihg‘pressure on the bottom
one while fixing the other using a four ton hydraulic jack,

as shown in Figure 12.

3.9 Testing Procedure '

Testing procedures for both jncompressible fluids used
was carried out as follows: |

(A) Water Coolant: An open cooling system was used, a
reservoir was filled continuously with water petween 21°C and
25°c. Then.the coolant was pumped through the fuel cell. At
the beginning of the test (time = 0) the four heating elements

were provided with 1500 W/n?, the coolant circulation pump and
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Figure 12. Fuel Cell Stack Pressurizing Systen.
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valves, and the fuel cell stack pressure were adjusted for the
test. An air blower was used to cool the circulation pump
from overheating‘due to the long continuous runs. The power
provided to the cell was gradually increased throughout the
considered time intervals.

The temperature profile of the fuel cell was monitored
and recorded continuously every one or five minutes. The
figures produced provided instantaneous information about the
fuel cell and the cooling system during the transient start-
up process and through the shut-down process. Reynolds number
for a whole test was Kkept constant throughout the two
transient processes. Also, the pressure was kept constant
during both processes. On the other hand, the power provided
to the four heating elements were varied as follows to
simulate the transient heat transfer process during start-up
process and shut-down process. See Figure 13 and Figure 14.

1) Time intervals (1 through 2): the maximum power

provided was 1500 W/mz. ‘

2) Time intervals (3 through 4)$Athe maximum power

provided was 2250 wymz.

3) Time interval (5 until reaching steady state):

the maximum provided power was 3000 W/nF.

4) Time intervals (steady state through 8): the

minimum provided power was 2250 W/mF.

5) Time intervals (9 through 10): the minimum

provided power was 1500 WVnF.




)
(28]

. L - .

'59559364¢ AN javig

PRAEPISUC] oY) BULING ULSIINYTULST( 1aMOd [eluauizadxy . "¢1 aandiyg

vy

(SILNFIAN) Akl 1S3L - : .
0s 0y iy A, ‘0l ' 0
: 1 _. Y i [T i 1 y n by

I e R D R e~ ©

| | [t i [t __E, _
H t { i 1 4 — m.r* Hii " ) . s
A ! Foos 2

$ xr y— S - } . .mm xv..
s ] 7LT R il it f “ .m _77 | . _ S
. Ly .— 1 H ' 1 F .

A e o o
i it i il Il “.1;; ; .u.m
i T it o
ittt A m.m 1[I mrﬁ: 0ost
:“r m._« 31 .Mnx.m« i I% .:“t: mm_.”...p._ " 1 m
il M:L=&$& = | S
i - cooc 2
—.w “ M-ﬁ “.d »m (Hﬂ- —
“;_ it __Mmr.v m
e | ez
b >
L - . <
. S - 000¢ 8
[ Somos e

1hdidl

P

b esantdd dn- ivls gﬁ

e - 4- coge

94 G1L dn-tuvic. 2165 WG = IWAdEINL S9NILSIL

e
o

HGIMOA VZLMANIGE DX, 40 NOLLVINVA

YRt o b

T XTE I

|

ST M iman cm s v o . e e ———— » - +<sam—




. * ‘ v
’ . ©$98S§350X] UMO(-INYS .
DALIPTISUOD AL Buiing UOTINQLINSIQ 13m0y [rRAUAWTIFANT  “¢T oind 1
e e e R SR S PRIRTORE S e e e ae 45 s remneny ) '

C o (SHNNIN) ML 1S T . : | a
or odr ger eTie 000 iz 98T LSEC wug S0 OSL €zl - ‘
s

[} ¥ 1= o !

1 _ I | it __. ﬂ 1

_ Rl i) m Lttt fhi |

: —., el a %.ﬂ,m i i} I a il 00% m.“ !
. il | H ! o o
“ L Il e r
i ) {iltr { $ .w po)

“ L, i il it 01

i <y : - GO0l D
. it : i
- . . i 20,

34

ﬁloon_

- 000C

Wili- 0oz
. K

’ . .

_. e - 0008
w_ . , _ 5530044 WMoa-1nKS iR |

(Te=A/LLYM) NOILNE

-

........... . o e - _ oomw

Ui 01 ITISSALYEIS NOY¥S SAVASIIMI .oz:mE

1 onnarRLsia ¥IMod IYLNININ3AXT 40 NOILVIYVA |
. et . e —————— e e -~ !

Ll e DL L SRR I

PRI LI T T ¥




6) Time intervals (11 through 12): the minimum
provided power was 0 W/mz.
The mass flow rate was verified from 16 Kg/hr to 88.2 Kg/hr,

while the stack pressure was varified from ¢ KPA to 3500 XPA.

B) 0il <Coolant: A closed co&ling sysfem with a
secondary cooling system was used where the oil inlet
temperature was kept approximately petqeen (Iz_s‘fc and -26°C).'.
The same testing procedure was followed.. Also the same
variation of stack pf_essure was used, but -'t'hé.-Re’number was

increased from 15 to 80.

3.10 Interface Teﬁgewmmw_s~

The temper ature differences aﬁ;a to i‘xh;‘).-;r'fect\'. 'surface
contact were determinéd by twelve thgrﬁ,ocoupl‘es located at ard
. around the intéi’face of ;izh-e cell p'lé.te' and tl;ie cooling plate
as shown in Figure 15. Graphite powder was‘sioread between the
two plates toA .reducé air géps and a_ct-lie\.r'e better déntact. " The
cooling plate thérmocoupleé are a‘ttaghed to the vcobling- piping

to measure the surface temperature. .

3.11 Experimental Results Acéuracx' :

Due to the instruments' accuracy and other factors th’eré
wvas an error pPercentage to be accounted for when, representing
the resuilts. Accuracy is defined as the maximum an;ount by
Which a certain measurement differs from the true value, or

- &B{GWAL.PQ?!‘&

Accuracy = (M) - M,
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percent accuracy based on reading is

M, -NM,
A= -y

x 100

A

where:

M, = maximum or minimum measurement,

Actual value.

<4
[

3.11.1 Instrumentation Error

The important instrumentation error can be summarized as

follows.

3.1i.1.1 Thermocouple Reading Accuracy

The thermoccuple. accuracy is considered the .most
important source of error that will affect the temperature
distribution plots, the convection.heat transfer coefficient,
Nusselt number and overall heat transfer calculation. _But,
this error has. a significant effect .on the effective -

terperatiure drop measurements which are used to determine the

thermal contact vesistance. The percentage.of this arror was
determined by repeating certain testS'with the same operation
conditions, i.e. 'appl*ed pressure, tlme 1nterva1 versus
supplied electrlcal energy for both 1ncompre951ble coolants.
The maximum error due to the thermocouples readings was found
to be approximately 0.6 °C to 0°C, the manufactﬁrer-specfied
that the error for T-type thermocouples are 0.75% or IPC_over

Zero °c,.

3.11.1.2 Data Logger Readings Accuracx
Two factors affected remarkably the accuracy of the data

&mnu\ ?,L fs . , - .
of Poo sy . o
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logger reading.

(a) Data logger input.

The minimum error was 0.5% as specified by the.
manufacturer. Also, on one occasion ﬁhé machine had to be
calibrated again after an electronic failufeA due to an
electrical surge. |

(b) Specified recording time intervals.

Since all the tests considered. are transient tests
therefora the selected Yength of the time .interval should be‘
as short as possible to .avoid any significant change in the
internal energy and cother +time = cdependent' thermodynaric
properties of the system.” The time interval for the data

logger to monitor all the thermocouples including.the working

fluid inlet and outlei thermocourles was approximately 3:5 .

seconds. This time interval was found to be very- accurate
because the change in the coolant ouvtlet temperature: during

this time interval was nearly cero.

3.11.1.3 Voltage aﬁd Amperage Readings

Tha accuracy of tha.ammeters and voltmeﬁers mounted in .
the power sﬁpply unit wa§ 4.0% while the digital ﬁﬁltimeter
accuracy was 2.1% as specified by'the manufécturer. Actually
the'voitage and ampere readingé were more accurate pecauséAthe‘
pPover unit feadiﬁgs were checked again’ by the cell.

instrumentation.

3.11.1.4 Pressure Gauge Readings

The pressure gauge accuracy was O0.1%. The maximum
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expected error when the highest applied pressure was used was

+35 KPa.

3.11.1.5 Voluma2tric Flow Rate Measurements
As mentioned before the combined accuracy of the flow

instrumentation was found to be + 0.4 gpm or maximum combined

error of 2.3%.

3.11.2 Heat Exchange with the Surrcundings

The unaccounted for heat transferred by radiation .

convection and conduction to the surroundings 1is very
difficult to calculate. -However if the rate of heat transier
was significantly high it could negatively affect the accuracy
of the final results that depends 6n the evaluation of the
transient thermal energy transferred by the cooling fluig.
Several tests were carried out utilizing both working fluids
under different operation -c¢onditions. The maximum heat
transfer was found to-be i7.5 Qatt where using 3000 w/mz and
maintaining- a steady state operating condition with minimum
Re number and maximum pressure. This is 7.792% of the
internal heat generator simulated by the supplied electrical
power. Additional insulation was added as described by
Chapter III to reduce the heat loss. The heat transfer rate
to the surroundings was- reduced to a maximum of 9.1 Watts

which is 2.466% of the supplied power.

3.11.3 Human Error

The human error is an important factor in the accuracy
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of the final results. The effect of such error in this
experiment was observed during the fqllowing.
(a) Voltage and amperage readings.
(b) Obtaining exactly the required stack pressure.
(c) Supplied power variation for the four electrical
circuits used during a verf short time iﬁterval.
(d) To maintain continuously throughout the testing

time interval the exact volumetric flow rate. *.. -

(e) To maintain a constant- room temperature  during

all the tests.
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CHAPTER IV
MATHEMATICAL MODEL OT TRANSIENT HEAT TRANSFER-
IN THE FUEL-CELL S8TACK

The thermal energy generated in the fuel cell should ble
removed confinuously to prevent accumulation of heat which
could lead to thermal stress, lower efficiencies and even
structural failure. Therefore, proper design_cf the cooling
system is vital to the operatién and perfdrmance of any fuél
cell power system. In this chapter the effect oif the
expected traﬁsient» opéréﬁioh condiﬁions'\ éffec£ on the'

cooling system performance were investigated with water and

cil as coclants.

Systen

This section will summarize the formulation employed
to generate the needed results utilizing the gathered
experimental data during the transient process considered

using incompressible cooling fluids.

4.1.1 Heat Transferred to the Cooling Fluid

.Apbiying the first law of thermod?namics- for the
considered caée, at any instant of time during the transient
Process, the energy balance equation for the cooling fluid

can be written as follows; see Figure 16.a.

41
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I.d gét)l + [@e(t) * H(t) - @m(t) * H, (t) ] (3)

But, m.(t) = m; (t) = m = constant for a given test

(@), = 19ELEL) 4 h ) (Tpe (£) T (1)) (4)
Also
dE(t) _ m(tp)*u(t;) - m(t,) *u(t,)
at At : (5)
where:

éed.(t) = Heat transferred to the cooling fluigd, $s a
function of time.

m, (t) = Instantaneous mass flow. rate entering the coolant
channel, constant for a given test.

r(t) = mass inside the.éooling plate at time (t).

H{(t)-= Instantaneous total enthalphy of the mass flow rate

(i) entering the cell.

dE . : ) .
[—jﬁgl) = transient change of the control volume internal

energy; which includes the cooling piate and_the upper pért
of the cell plate. '

Ty; (t) = Cooling fluid bulk temperature entering the cell.
Ty (t) = Cooling fluid bqlk temperature leaving the cell.

W, (t) = Instantaneous mass flow rate leaving the.cell

from location (e), constant for a given test.

H,(t) = Instantaneous total enthalpy of the mass flow rate

(e) leaving the cell.
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c, = Specific heat at constant pressure.

u(t) = Cooling fluid internal energy at time (t) inside

the control volume.

4.1.2 Transient Convective Heat Transfer Coefficients
and Nusselt Number

The energy transferred to the cooling system can be
utilized to accurately determine the transient loéal

convective heat tfansfer cbefficient_as fdllows:
((Q(t)), . =h(t) * A * [T.(t) - To(t)] (5)

where:

h(t) = instantaneous convective heat transfer coefficient

between tube surface and coolant.

A, , = available heat transfer surface area of the cooling
channel.

T, (t) = instantaneous average wall surface temperature of the
cooling plate.'copper tube, obtained from the thermocouples

welded to the coils.

T.(t) = instantaneous average bulk coolant temperature.

The instantaneous average wall surface temperature

is the average of all the thermocouples’ readings
welded to the cooling coil for a certain measurément

(see Figure 17.a).
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The temperature variation of those thermocouples was found
to be linear as a function of the coil length for any
given test (refer to Appendix). The instantaneous average
bulk temperature also called the mixed mean avefage
temperature is basically the ratio of the total thermal
energy crossing the tube in a unit time over the heat
capacity of the fluid crossing the same section in a
unit of time. This temperature was calculated utilizing
the experimental data of selected laminar and turbulent

cases for both fluids taking into consideration the change

K.

of the thermal diffusiVity of the fluid (a = 7c) -
vTp

Also, for the laminar flow, the l#minar entrance length
was estimated using the average results of’ the Blésius,
Sparrow and Schlichting equation in addition to the
thermal entry  1length. The resulfs of the average bulk
tempefature employing the forced convection of circular
tubes equation provided by references [14] and [38] were
compared to the average of the entrance and exit
temperatures of the control volume. . This comparison
indicated that the difference was in the range of 1.5%
to 3%. Therefore, the average bulk coolant temperature
wWas used in the final céléulatibns performed by
the experimental monitoring system. The experimental
convective heat transfer coefficient (h(t)) ~ was

Calculated from equation (5), as follows:




i
1
.
:

i

46

((Q(t)) .

h(%) = Z - (T, (8) - To(E)) (6)

Then the experimental transient Nusselt number was

calculated as follows:

Nu(t) = l—’—(gfc—*-—g (7)

4.1.3 The Expe;imeﬁtal Overall Heat Transfer
Coefficient . _

The experimental transient overall - heat’ transfér
coefficient  for the control volume defined in .the .
previous section was determined as follows:. )
Since, '

(Q(t), . = U(t)*Ax (T, (t)-To(t))
Therefore: . |

(L)), ,.

UCE) = XIT.(E) - T-(E) (8)

But it should be noticed that the transient overall heat
transfer coefficient is conéideredz in thé reciprocal
of the sum of three resistances See Figure 17-b:
the convection resistance, the qonduction resistance,
and the thermal contact fesistance. U(t) can
be expressed as follows: |

[(R) + () () + () ]

U(t) = (9) .
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The thermal contact resistance between the upper part of

the cell plate and the cooling plate can be calculated as

follows: (please refer to Figure 17.c).
= dT 4
Q =K, A gile = Kg A dx|L1 (10)

st v v a8 1 o

However, the instantaneous thermal conductance parameter
(R) is defined as:

(L)
AT

Re(®) = 3r(%)

when

g(t) = instantaneous heat flux (Q/A).

— . .

; AT = effective temperature drop through the

£

f'ﬁ interference between the upper part of the cell plate and
FEu the cooling plate. |

?éé Substituting in equation (6):

3

5

3 K, g7 _ X gr .
Re = T dx = &T ax (13)
,iﬁl The thermal contact resistance (r.) is the inverse of (R.):
3

_ 1 _ _AT _ _aT

7 1 Te R, = oF ~  dT (12)
* Khax % ax

§ Substituting equation (12) in equation (9), we will have

the following:

k|
4
!
f

(13)

[[X1J+ I:,T((t) ][ ]+(h(t)]]
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wvhere:

K = thermal conductance of the cell plate.

LY

u(t) = tran51ent overall heat transfer coefficient of the

= thermal conductance of the cooling plate.

control volume.

A, = contact area between cooling p;ate and cell plate.
T, (t) = T.A. = transient average temperature of the
electrode. | |

K = graphite conduct1v1ty (thermal)

x,,X; = thickness in the X dlrectlon (please refer to
Figure 17.cC). |

r. = transient thermal contact resistance.

AT(t) = effective temperature drcp.
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4.2 BExperimental Results

In this section the experimental results collected
previously will be analyzed and interpreted to determine the
effects of the stack pressure and the cooling systems flow
characteristics on the fuel cell heat transfer
characteristics. The experimental results will be further
used to formulate the mathematical correlations to simulate
and express the heat transfer characteristics of the examined
fuel cell module during tfansient operation conditions, start-

up and shut-down.

4.2.1 8tart-Up Process
Referring to section (4.1) of this Chapter, The value
of h(t), Nu(t) and U(t) were determined by applying equations
(6), (7) and (13) using the data gathered from the
experimental s;t up.
4.2.1.1. The Variation of the Transient
Nusselt Number as a Function

of the Cooling System Flow
Characteristics _

(a) Water Coolant (Re = 1250 to Re = 6167).

Experimental results demonstrated by Figure 18 indicates

the dependence of the transient Nusselt number on the flow
Characteristics of the cooling system during a start-up
Process. Higher Nusselt numbers were calculated with higher

flow rates.
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(b) 0il Coolant (Re=15 to Re=80).

Figure 19 demonstrates the variation of the Nu number
during a start-up process using oil as a coolant.
4.2.1.2. Measurements of the Transient Thermal
Contact Resistance

As described in Chapter III, the thermal  contact
resistance was actually measured utilizing 12 thermocouples
planted around the interface area to measure the temperature
differential. Equation (12) was then used to determine the
value of r_ at any point in time. Figure 20 through Figure
22 shows the effect of the different qonsidered stack
pressures on the transient values of r_. It should be
noticed that a slight' decrease in the rate of r Z was

observed with a higher Re number.
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4.2.1.3 The Effect of the Stagk Pressure and the
Cooling System Flow Characteristics on
the Transient Overall Heat Transfer

Coefficient

(a) NWater Coolant (Re = 1250 to Re = 6167).

Experimental results exhibited in Figure 23 through
Figure 24 summarizes the experimental data gathered and the
calculations from fifteen transient experimental testsiwhich
are part of the testing process that focused on
investigating the heat transfer characteristics of the fuel
cell during a start-up process. In each Figure the
volumetric flow rate was Xkept constant for the five

experimental runs to determine the overall heat transfer

coefficient.

(b) 0il Coolant (Re=15 to Re=80).

Figure 26 through Figure 28 exhibits part of the
experimental results during a start-up process using oil as

a coolant.
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4.3 peveloped Experimental Correlations
1n order to describe the transient performance of fuel-
cell, a mathematical expression that interrelates the cell

convection heat transfer coefficient, overall heat transfer
coefficient and Nusselt number should be developed.
Mathematical correlations with an exponential function of
time was found to be the most suitable method to achieve
this important research objective. -This technique allows
the establishment of the relationships between the effective
parameters apd alsp will exhibit the sensitivity of the‘
transient function to the variatipn of every independent
variable such as pressure and Re number.

A computer program to calculate the convective heat
transfer coefficient, the overall heat transfer coefficient,
Nusselt number, thermal contaét resistaﬁce and the effective
terperature drop was developed to simulate the change of
those parameters during the transient process. The Matlab
and the Picquick softwares at the VAX center of Cleveland
State University were utilized to employee the curve fitting
needed, linear, polynomial, exponential, flexible, and the
other algorithms. Also those two softwares were used to
pPlot the generated results.

The transient mathematical correlations that represent
the convection heat transfer coefficient and the Nusselt
number were found to be a function of the following:

(1) Reynolds Number (flow condition)

(2) Prandlt Number (working fluid property)
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Time intervals and the designed operation
conditions that reflects the effect of
operation conditions on the cell plate surface

temperature.

4.3.1 8tart-Up Process
In this section, mathematical correlations will be
developed to describe the variation of the convection heat

transfer coefficient, overall heat transfer coefficient and

G PRI SRR

the Nusselt number during a start-up process as a function
of the flow characteristics. Also the effect of the stack
pressure should be demonstrated by the overall heat transfer
coefficient.
4.3.1.1 Transient Convection ﬁeat fransfer
Coefficient and Transient Nusselt

Number

For the start-up operatibn condition the h(t) and Nu(t)

correlations can be written as follows:

h(t) = [a,*F,(Re,Pr)*e"" - B,xG, (Re,Pr) |e™° (14)

Mg, t _ 0
whe B2 (8) = [2*F(Re, Pr) ™" - B,%G, (Re, Pr) ] (15)

A; = constant,
F;(Pr,Re) = function of Re and Pr,

G,(Pr,Re) = function of Re, Pr, and initial operation
‘conditions,

M = time constant,

O = operations condition parameter, .
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a, = operation condition constant,
B, = constant,
A, = constant

function of Re, and Pr,

F,(Pr,Re)

G,(Pr,Re) function of Re,Pr, and initial operation
condition,
A, = time constant,

operation condition constant,

Q
~
It

= constant.

™
~
I

It should be noted that F,, G,, F,, and G, are not functions
of time but actually are functions of the flow, working
fluid properties and design criteria. The developed
experimental correlations for both considered working fluids
can then be written using equations (14) and is as follows:

(a) Water Coolant (Re = 1250 to Re = 6167)

- 31.088 (Re0.0577'9) (PrO.OMSB) (30.0001240) (15)

- 0.3259 (Reo.osasz) (Pro.oosas) (eo.oomzso) ' (16)

The variation of Nu(t) with different Re number for the
considered start-up process are exhibited by Figure 40.
Only five Re number results are shown to summarize. It
should be noted that F, = G,, A, = B,, A, =B, and F, = G, and
%% @0 are correction factors that will allow the

Correlation to be sensitive to the effect of P on the cell
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temperature. The second term of the two equations was used

to simulate the initial equation condition of zero heat

transfer at t = 0.

(p) Qil Coolant (Re=15 to Re=80)

- 0.216 . .
n(t) = 16.088 (Re™'%) (™7™ (Pr%976) (e!:356710"¢0)

- 0.216 . *10-

Nu(t) = 0.7326 (Re®2%%) (pr®-003%) (e1-356%10-40) (18)

The variation of Nu(t) with different considered cases

start-up processes are shown in Figure 41.
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4.3.1.2 Transient Thermal Contact Resistance and
Effective Temperature Drop
The experimental correlations that were developed to
simulate the change of the transient thermal contact
resistance and the effective temperature drop must
demonstrate the effect of time, stack clamping pressure flow
characteristics, and the operation condition as concluded
from the experimental results. In general, the developed

correlations can be formulated as follows:

r.(t) = AW (e - wm ] (19)

a1(t) = [(A - W(p))e™ = (A5 = W(P)) ] (20)
where
Ay, Ay, Ag = constants,
W,(p) = function of stack pressure,
M = time constant,
W,(p) = function of stack pressure,
p = stack pressure
A, = time constant,
Y,» ¥, = operation condition constants,
W,(p) = function of stack pressure,
W,(p) = function of stack pressure.

© = operation condition parameter
It is important to notice that W,, W,, W; and W, are not a

function of time but a function of the applied stack

Pressure, therefore, the deveioped correlation for both
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4.3.1.3 Calculated Transient Overall Heat Transfer
Coefficient

It is important to calculate the transient overall heat
_transfer coefficient utilizing the correlation results of
the transient convective heat transfer coefficient and the
transient thermal contact resistance during a start-up
process to determine the accuracy of the developed
correlations to calculate the value of (U(t)). The

following previously developed equation was utilized to

calculate (U(t)):'
1

[ﬁ%t-)— * AT(}Etota'. * rc(t) ]

u(t) =

Results using the develcped correlation were utilized to
generate results for the two incompressible working fluids:

(a) Water Coolaht (Re = 1250 to Re = 6167)

To summarize only the minimum average and maximum Re
numbers were used here as exhibited Ey’Figure 54 to Figure
56 in order to demonstrate fhe effect of the stagk-pressure
&nd the flow characteristics on the (U(t)) value.

(b) Qi1 coolant (Re=15 to Re=80

Figure 57 to Figure 59 summarizes part of the

calculated results for all applied stack pressure and for

Baximum average and minimum flow rate.
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4.3.2 Shut-Down Process
In this section the shut-down mathematical correlation
will be developed to demonstrate the variation of heat

transfer characteristics of the fuel cell modules for the

different considered operation conditions.

4.3.2.1 Transient Convection Heat Transfer
Coefficient and the Transient Nusselt

Number

The following general correlation can be formulated for

the shut-down process:
h (t) = A,, * H{Re,Pr) * [exp ( ,,t + a,0)] (25)
and | |
Nu (t) = A, * H,(Re,Pr) * [.exp( 2t + @,,0)] (2¢€)
vhere
Ay, A, = shut-down initial condition constants.
H,(Re,Pr) ,H,(Re,Pr) = function of the flow rate and the fluid
properties.
A1+ N3 = shut-down time constants.,
@1+ @, = operation condition constants.
The developed mathematical correlation utilizing the
generated experimental results can be written for both
working fluids as follows:

(a) Water Coolant (Re=1250 to Re = 6167

h,(t) = 70.088%* (Reo.osm) * (Prc.ouss) *
[exp (-0.00891t + 0.000123 o) (27)
Nu‘(t) = 0.769*(Re0-05632)*(Pr0.0385)*

[exp(-0.01083t + 0.000124 0)] (28)
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rigure 60 demonstrates calculated Nusselt number results
vhen water was used as a coolant.

(b) Qil Coolant (Re=15 to Re=80)

h,(t) = 35.044% (Re¥-215%6) & (py7-614710-3)

(exp (-0.00901t + 1.356+%10™° o) - (29)

Nu,(t) = 0.771* (Re%-2105) & (py3-26°10-3) 4

[exp(-0.01082%+ 1.356%107 0)] (30)

The calculated values for the Nu number is stated as a
function of time for the Re number during a shut-down

process when oil is used as a coolant. Refer to Figure 61.




e sabbais i g
LD 3

R T P

L TRANSIENT NU sumber (SHUT-DOWN)
a coa - Tt T T

————— . " — ———n —— - ——— 4

osl o\ WATER CGOLANT
Y —— Re=R167

2\ .~.~. Re=5000

0.4} "\ ... .. Re=3321

-
-
L] —
o —————————

[

. AN —-- Re=1470

A .W// -—---- Re=1250

NU number
<
(o)
S
e e e

o.mﬁ

o 4 g 3 - H o - J

100 150 200 250 300 350 400

) TIME (min.) o
| Figure 0. Analytical Transient Nusselt Number (Shut-Down Condition
with Water Conlant).



LR Y ds —— e e e . . - . o

,,.m_ | TRANSIZNY 1 numizzr (SHUT-DOWN) m

. // LT —/.C.H_rm:
"\ oo Ke=d3 _
<\ o
... / o= -ﬁl [0 &
1.5F N e = | 7
' SN _ —--=—= Re =15 NG

e

4

NU number
/

-

g
L
|

——

00 160 w00 281 H00 ane A0

TIME (i)
! Figure 61. Analytical Transient Nuss

witih Water Coalant ke =

)t Number (Shut-Down Condition
)Lﬁ;
caly.



Joqumu spioudsy pue aansssxd 3oeas parrdde UaI333ITP QA
A1sAaT30o9dsea doap aanjexsdwsy aAT3093F@ 9yl pue 9oueysysey
3I0VJUO0D TeWIsYl JUITSURIF 9Y3 JO UOTIRTIRA 3ayj S®3ex3suomep

0L =2anbrgy o3 g9 =anbrd pue 9 BInbBTd 03 29 aanbrg
(z¢€) (2(,.0Tx59€L°0) - 621°9] +

[(0 , 0TxTOT"0-39¥00°0-)dxa][d(, 0TxL656°0)-986°%T] = (3)'29

(te) * ldoao00-0®) * .0T*Z08°T +

[(0 . 0Tx6LT°0 - 3IT6£00°'0-)dX3] % (4or000-0.2) ¥5LS00°0 = (3)*2

{979 = 34 O3 03CT = ¥) JUEOCD I93CH (w)
*sjue3suod

By

UoT3TPUOD uotrjexado =
*z93aueIed uoT3TPuoD uoylerado = ©
*juUe3SUOD 3WT3 umop-3nys = ’%

*aansssxd yoe3s Jo uctlouny = (d)'°m

*sjue3suoco = 9y pue Sy "'y ‘S'y

aIoYA
(0€)  [(d)”™M - ¥l + [(0%°4 + 3"™)dxa]l[(d)™m - v] = (3)"19

(62) (D) ZMx"¢ + [(0"°4 + 3TV)dxalx(d) *ny = (3)*2
:SMOTTOJ se passaadxa aq uwd
2DUP3ISTS3I 30R3UOD TewlIayl JUSTSURI] JO UOTIjeTIRA 3yl puv
aoue3STSaI 30RIUCO Jo abueyd Syl @3eTNUTS JRYJ SUOTIRTIII0D
{eoT3jewsayzew  ay3l sseooxd  umop-3nys -] putang

' doxg eanjexsdway]
®ATIO93I33 aq; puUR @OUR3ISTISOY 3IdVIUOD Z°Z°€° P

601




THERMAL CONTACT RESISTANCE (m-~2*z/W)

x10-3

TRANSIENT THERMNAL CONTALT RESISTAN T (SHUT-DOY,

4.5}

1.5}

v -y e s mmmm—— l.l||l|J4|Il|l.'ll..|||o|.|lll‘l‘ll'.|-.l1 -

- — - Re=1250.F=0 K!'a
NG —ee = Re=1250,P=700 KP'a

~. L Re=1250,P= 1400 Ki'a

~
" ™~ . .
. ~a S Re=1250,P=208C0 ki'a
!'.v ,:l
e S : —— = P2=1250.P=2500 Ki'a
v . I/l.
.. -
- //
. ~
S~
.
e -~ . .t/l:
LR - . ./I//

0.5
100

Figure 62.

) —————
P

—m JENE VP, e e b o o e e =

150 0 250 300 350

ra
<2

TIME (inin.)

Condition with Water Coolant Re = 1250).

Analytical Transient Thermal Contact Resistance (5hut - Down

NAL PASE 1S

ORIGIN
Of POORQUALITY

i V4



‘W)

4

O

ERMAL CONTACT RESISTANWCE (m-~

TH

0.

x10-9
w.oﬂw— - — —

TRANSIEN

r,

100 150

W) vt e s f e e e e

TP MAL

Trans
:vaw _

COra

b B | .l.m.(_>7— AB——:_ -

—== Re=33821,P=0 Wi
~== Re=J32! P=706 K,
v Re=3321 Pzt gop
c Re=3321,P=28000 Nita
-~ Re=3321,P=3500 ity
~o ///
,///,
. . . nil&/r/
TN
. ~_
b . /:.

TIM

.

en
alg

¢ Toolant

(imin.)
acrmad

ORIGIN

"QUALI

AL,
POOR

11



TEERMAL CONTACT PESISTANCE (m-~2°c/W)

x10-?

3.0 '

TRANSIENT T

rpees
__...".

ol —
100 150

Figure 64.

e bam s

200

AL CONTACT RESISTANT (SHUT-DUWN: @
- b ——— g — e e —— —e § & v it as e e o cmmm g e e PO — m m
——— Pe=6167,0=0 Kl | =t
e Re 616712700 Kt “ mm_
{
....... Rez=06167,=1400 &' _ m
= Ke=G1E7,=2000 Ko m %
m— = RezE167,P=3500 KI'a _
_
. |
I/../ 14 4/%
s ~ ”
. ~_
e | ,.//rl B M/
ST e
it e _
e T _
= Tee——. y... .o L
——— .f_.
}
e e = e e+ L e —— 4 —— — l'li.'!ld.ll;;l.l.u_ ]
254 300 160 100

[ThE B -,
ARty
_ —.:—L

uningg

Re = 6167).

.Analytical Transient Thermal Contact Resistance (Shut-Down
Condition with Fater Coolant,




THERMAL CONTACT RESISTANCE (m-~2*c/¥)

2.5}

0.5

.
= ..-,. I-.l»
-~
e //,/
.. ~.. ——= Re=q43,1
* - /l .
~... .
. e A //
~ae .
/I.l T .
) .f/l.l e .
- !.l’!/.i _ MR
——— ' e e e e e e
100 16( 200 250 00

Figure 66.

x10-3

r~

Araiytical fra
Condition with

-t —

B R Y b R

G COOLANT

TRANSIENT TIHEXMAL CONTACT RESINTANCE (SHUL=DOW

== Re=4d,P=0 kI
=== Rez=ad, P'=7068 Kl'a
) 1]

v Re=43,P=1400 kP

~.=. Re=43,P=2000 KPa

WO KPa

TN .
PIME G}

ent Thermal
woccpmzﬁ.

ne

“i
O

Centact

Re = 43),

Resistance

550

IS 1)

(3h.

a

I

v e e b e e e i e

RV

— ——

]
1
Pl



THERMAL CONTACT RESISTANCE (m-~2*c/W)

Ay
P

e

x10=9

TRANSIENT TilER1AL CONTACT RESISTANCE (SHUT-DOWH)

T oo — TP D S AT e O spm—— - l-"l!l.nn..
. .
~
. N ON. COGLAN'Y p
D.C = ../‘ . : [} _
'~ - . .
. // e——— Rez=00.P=0 KPa _
5 ; ~~= Re=00,P=700 KPa ]
A T gy e Re=00,P=1400 KPa ”
e e -.~. ke=80,P=20800 KPa
2.5} : e == Re=80,P=3500 KPa -
e
2l R S |
- R ) Il/./
/f el el ..., , A///./
_,.@ - /I/ e e ~!
ke S —~— I..//r..l..o.v ST
_ N /!’.I.I./J!!... ..... S u
.I/!v.ll. ............ .
c.m-u . PRSP T P YU PO . i —_—
100 150 206G 250 10 3H1)

Figure

G7.

Analvtical
Condition w

TIME (min)

Transient Thervimal Contact
-
]

Rezsistance (Shut-Down

h 03! Zooluant, ke = 80).




e

DAt X il 9 1o, Y

TRANSIENT LtV ECVIVE TEMPERSYTURE DECP (SHUT-DOY 1 ' %W

9 ————— - P et e e m e e ey e
r

D T — e e = e e - L
- -y - .- -

il N\ e Re=1250,0720 W%
. — == Re=1250,102700 Lity
N . Re=1250,P=1400 K1y
7 . SONG .=, Re=1250,P=2000 KI'n -
| N0 N\ | —— Re=1250P=3500 Kl

4
ORIGINAL
F POOR:

0
Pl

o~
-

0
’

TRANSIENT EFFECTIVE TEMP. DROP (C)
/

l’l /’,
Se. ~.
- ain. /.I.
~. . N
- .. LN
a B /.ﬁ... ,....// -
. ~
~ e ~—. ,
T RO
/. el T
~ e, T e
11 //II. e el NN !
* B T~ N
) / = !
v S
wk Tl
H ! ——— _— i - 4 1 P

100 150 S 200 250 300 Jo0 100

| _ TIME (uin.) '
Figure 68. Effective Tempevature Drop (Shut-Down Condition with Water
i Coolant, Re = 12590,



TRANSIENT EFFECTIVE TEMP. DROP (C)

8

TRANSIENT EFFECTIVE TEMPLERATURE DROP (SHUT-DOWHN)

Y = merese—e 0 - - s i

_

N e Re=3321,1'=0 Ki'a “

- c: N . ot
"N o Re=8321,P2700 Kl |
RN e Be=3321,P= 1400 Kl _

- N ~.—. Re=332) P=2500 KPy

B "IN . ——— Re=3321,P=1500 KV

x/zﬁu: . i
~ ,//
~ -
- /-' .uo.
//I '.l.:
// e

Figure 69. FEffective Temperature
e = 3

100 209 250 300 380 SEH

TIME (mia.)

r (Shut-Bewn Condition with

(¥1)

Dr
21

wr ()

Water Goolant, R




TRANSIENT EFFECTIVE TEMP. DROP (C)

THANSIENT LU

-~'|l.ll ....... TrYT T e s e r

~I
]
"/

190 150 200

VECTEMPERAVRE DROP (S E=iav

——— ey - e e e e — - e mae

== Kez=6 10T 1 =0 K

=== Re=3167,P=700 Wi'n
Re=01067,P=1400 KPu
Re=6167,P=2000 Ki'a

........ Re=81067,P=3500 \]a

: . II
H-v _.. /.a.. ,.I./
NS . ..../
I ~U N
. RS
el U\
I R . .
I/// . I,../
S~ - //
IR Teso
1 |- ~." TS
' ~. .. . -
. Ffll.ll .
~.L ... N
-
» . =
1y ~ -
A 1T -
1 ——te de e —1 . .

250 300 3006

TIME (i)

Figure 70¢. Effective Temperature Drop (Shut-Dewa Condition with

Kater Conlant

, Re = §167).

. M . —

2z
L I
MM
E5
MR
o
Ke
Q.
e
O

/1§



TRANSIENT EFFECTIVE TEMP. DROP (C)

FRANSIERNT Eviie o). TEMYERAS YN oy (SHUT - how

..:\-.l.llzl--.cn.--a!lll..ll“-.: e e
g1 AN
//. Ol COOLAN
.~ ’.// .
o = Re=15,P=0 KPa
o} AN i
N === Re=15,P=700 KPa
. N s -
/ e Re=15P=1400 NPy
*~ .. RN - P
] / . . ,/ == Re=10,P=2806 Kpa
// .......././ —— Re=15,"=3500 K
. DN e
? - //./ .... : ~.
/ . ///
~U RN
. ~.. S
538 ~. . LN
T ......//
v//l tel . s
e SN
Jq L - . /
//./ ....:///./
el ,:.;..r/.
L i
31 //.//..,..,.: TS
Sl
w L U URT S Bl e ——————

100 P60 200 - 200 300 360

Figure 71,

TIME (i)

Effective Temperature Dr
Gil Coolant, Re = 15).

op (Shut-Down Condition with

<o ~
el

!
”
_.

_
.
|
1
_
_

0

Vled



.s,,.?.“l&:.!..m.!&» W :

e
O MBI L b e e o «i.i.iii,“bﬁﬁ.i'é
Lk i rad aucke : e I

4 g

S b O et Bl A

.-

TRANSICNT FUEL 00 b TEMeLLATULE BRI (S0 Dty o

-
—
4
’
-
e = i

0ilL COOLANT

-

" SN e Ke=d3,P=0 KPa

) === Ro=43,'=700 KhIl'a
" W\ viees Re=d3,P=1400 KPa
JENEN xuw// - =, Re=44,P=2800 KPa .

e e Re=d3, 120500 K1

//
/2E

—
-
0
’
/
I
.
’
;

TRANSIENT EFFECTIVE TEMP. DROP (C)
//

. JUE U MY VG 0t S DU GO

. | 100 150 200 260 300 350 40

\ . PIME Ui ) .
igure 72. Effective Temprerature Drop (Shut-Down Condiiiap with
Water Coolant, Re = 433,



TRANSIENT EFFECTIVE TEMP. DROP (C)

10

TRANSIENT LEFFRCTHY

" Y cmsme = e ———— o —

v = -— 1

JW// :jr COOLANY

‘ et Re=00,P=0 Ki'a
. - = Re=80.F=700 Ko
N e . Re=00,P= 1100 K

. ,
. ~ . Ry . e
) ~ . e e Moz liG P =2000 Nita
~ . DS . .
U e e Re= 00,1 =3008 KPa
* -
Hu - / .
// ..... /a//
~ .
/.. .r-.;/l.
m‘_ - ...././:
RN N
B .... ....4//11 .
//.f. . .V/./
._ . I»,II i ......../
R ~
.I:/.U.. R e~
a1 <l U~
" ————l e ram e b ——— \ PO e rem et el e e 2 e —

Figure

156 208 200 00 BRI

TIME (nine) P '
73. Effective Temparature Drop (Shut-Town Condition with
Water Coclaut, Re = 80}, . -

/2/



*A13UyBTTS 83ex ayl 3dajje

TITA UYDSTUm I030ey °@rqeTiea Terjuauodxa oyl 3snl sem o8
SUOTIRTDIIOD DAOQE OM] Y3 USIMISQ IVUSIIIFITP BUYL 940K
*ssoooxd umop-3nys elﬁutznp sanssaad )oe3s porTyroods a3
pue sajex MoOTJ3 ;uétooo wnNUITUTW 9yl pue asbexsae ‘mnurxewd I3y
‘&IaArnoédsaz [ve] pue [gg] suorjenba 103 s3nsax pojvasueb

°y3 sjuesaadsx ¢, 03 L Seanbig pue L9 21nbTg 03 69 °InbId
(ve) (a(,.0Tx99€°L) - 621°9] +
[(0 (.OT+ZTO'T - 3, 0TxSST ¥-)dx2]1[d(,.0TxL65°6)-986"¢T] = (3)°1¥
(g€) (4y-pre95-2-2) * ¢ OTxTO8°T +

[ 3]
[(0 ( 0T#6L°T - 36€€00°0-)dx]x (4, o, oc-5.2) ¥SLG00 0 = ()2

T{08=99 ©3 <I1=94) 3ueioon 110 (d)

‘3uUeTOOD © Se Ia3eA puysn

(X4




U (W/m~2*c)

TRANSIENT OVERAN 2y PRANSCRER CGETTICIENT WUT- L e

D) e e e et e e e

_— ceee Re= 125860, P=3500 10t
SN : me=s Re=122680,P=20500 1y,

Po= 1250, P=1400 Ky

:.., ) ..... / _- a.-o_\..-.c —J ...
sop N :

=
wn
v
P
.

e B 1250,P20 K1

20+ //
N
_ : T
15§ R e
_ .

RSO R, J

— e e e e

100 150 200 259 A0 180

TIME {min.)
Figure 74. Analytical Transient Gverall Heat Transfer Cocfficient
(Shut-Down Condition with Water Ooclant, Re = 1250),

. PAGE IS
“QUALITY

NAL.
POOR

oF

/25



PR T T

THRANSIENT OVl it at VAL ConbrIciLnT (WU T -1 ity

50 (e e — m e e i e e e e e U

15

R

!

AN R Re=d020 s w

40 |- s .
N = Re=d0i L Pa200) K

a5 | N , . Re=3025 ,P=
~ N\ - - Re=3321,0=
30} L : —=-ie Re=3320,P0=0 ila

)
—
P
~
-——
” .
-
-~
-

(W/m~2*c)
ne
i |
."'
/s
L e

I3

- &~
15} .
10}
@ »
: L B L TSR e J OO ST S
1GO 150 ) 250 J00 WU

TIME (i)

© Figure 75, Analytical dransient Overall Heat Transfer Coeflic
| mm::e;:..:,.:no:azwo:::rzmﬁf.noo;:n.zmn,.\m.....m



U (W/m~2*c)

TRANSIEST OVERAL 1oy FRRARGI Y1t CoLrt ey ISHU L - b

o2
U
[

- I Bt S P,

T PRt e et s - o e .

== Re=6167 1=300C0 n'n
o= Re=B167, 022000 Wia
s Re=0167.P= 1400 K1
—-=~~ Re=6167.P=700 Ii"a
——— Re=6167.'"=0 KI'n

0
100

Figure 76,

- el cion waa | U ) .
5() 200 250 _ 460 a5()

TIME fain)

Analytical Trans
i

ent Ovara Heatl Transfer Coefficiont
(Shut-Down Candg T

i 1 :
tion with Ware; Coelant, Re = 6167,

‘|

——— e

. [

)

un

.PAGE IS

ORIGINAL
of POG

POOR QUALITY

/25



S i

.w«a«-ﬂ‘.mﬁ_. ol '

Al

w-d

et g irriee yeeapeala s e \ "
TRANSIENT OVERALL HEAT TRAHSFEN COFFISIENT (SHUT=-DOW" ,mw

a5 e e r

e e e aries emie e eses s g -

o - 28
. O COULANT _ (©
30 _ &

= e = 1O, P =8000 K

=30

—om Re=15,2=2000 Kb

v

“
. _
;5:_au_?_u:cc7fr .M
e Re= 1512700 Kl !

=== Re=15,PP=0 KA

~2*c)

/2¢

U (W/m




1y A R

~

U (W/m~2*c

H LR

TRANSIENT OVERALL HEAT TRANSFED CCEFFICIENT (SHUT- D0 N, \

JO o,

\
N
N\
A
N
. \
. N
+ . /
R
N
.
.
.
- .
~
//
~ N
_ N
.

0

e e e e e T e e e

O, COOLANT

——— Re=43.P=3500 KDl .
~.=. Re=42,P=2000 KPa
e Re=d 2 P=1400 KPa

—=- Re=d3,P=700 KPa

i
seem s R4 D20 WP |
|
]
!
i
“
/...
- " '
- ) .//, .
A ... .. _
Tl
. L — ] i —— -

10O 150

20

“

200 300 J80 104

TINE (1rin. | o

Figure 78. Anaiytical Transient Overall Heat Transfer Coefficient .
(Shut-Down Conditiop with 0i1 Coniant, Re = 43 .




{08 = @ ‘IURT00) TIO Y3Ii% UOTITPUND UMO(J-INYS) .
' JUSIDTFF90) 18ysues). 1ESH :m.nmwac juatsumsf TedTIATRUY "6, QandT4 |
(i SN

0ol STHY Lot aon oo 0G| o0l

s e e N e —————

; _:

01

] . Lo, .
c
- LN
/ wv
\,U i ) ' - - ALJN .Jwv
\ R G QU0 X
v N 33&.“._.::Humvmm - ~
VAN 00FEEdog=a) T 0f:
| HAH 0GATE 00T - | |
L RN I T T R B Jeg

Ha¥al B v RN .
ANVIDGS T N

¥00d 40
‘IVNtsrgo

- - f o e Ammmerr ot -t sk i m e mmee - = - . - e —— - — - —

-l ]

d’a

U= OO UV e I Y LV D TRV AN HIVALL

8

AR Gaoar -t PRI

L L T v SRR (




129

4.3.2.3 cCalculated Transient 0vera11 Heat
Transfer Coefficient

The transient overall heat transfer coefficient during
a shut-down process was calculated using the same method
do;ined in section 4.3.1.3. o
(a) Water Coolant (Re = 1250 to Re =. 6167)

Part of the calculated results are summarized by Figure
74 through Figure 76 which represents the minimum, average
and maximuim Qater flow rates during a shut-down process.

(b) 0Qil Coolant (Re=15 to Re=80)

Figure 77 to Figure 79 demonstrates the change in the
calculated overall heat transfer coefficient using the

experimental calculations for three cases when 0il was used

a8 a coolant during a shut-down process. .




CHAPTER V

TRANSIENT ELECTRODE TEMPERATURE DISTRIBUTION

The chemical reaction that takes place inside the
phosphoric acid fuel cell results in generating thermal
energy that approximately equals the -electrical -energy
produced. In order to prevent temperature rise that leads
to efficiency drop éndvhigh thermal stress, the excessive
thermal energy is removed continously by heat transfer to
the cooling plate and input gases.

It is extremely important to study the temperature
profiles of the electrode to determine the thermal peaks
locations ard improve the conling system design. In this
chapter the transient temperature profiieé develdped from
the experimental results will be cémpared with the
o theoretical results that were generated from the modified
* Fortran computer code developed originally by Alkasab and
ii; W (1) in their theoretical study. The internal heat
-3 9eneration produced by the chemical reaction can be
simulateq accurately by the heat genefated by the resistance
heating elements. The temperature profiles identify the
Areas with high thermal energy accumulation which is
Wfecteq by the operation conditions such as the applied

stack Pressure, coolant flow rate and coolant fluid

130
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Properties. The transient isotherm were developed by

ponitoring the thermocouples readings located at 70 points

{fn the fuel cell plate for the different considered

operation conditions. The isotherms were drawn utilizing'

-_bo;h the computer generated charts and the printed transient

data.

In the following section, the transient experimental
temperature profiles during start-up and shut-down processes
will be analyzed for different operation conditions to
exanine the effect of the stack pressure, coolant flow rate
and coolant ﬁropertiés on the cell model performance and the
cooling system efficiency.

5.1 Experimental Temperature Profiies During start-Up

Process :

5.1.1 The Effect of the Stack-Pressure on the
Transient Temperature Distribution

The effect of the stack ﬁressure on the temperature
distribution during a start-up process with a constant
volumetric flow rate is demonstrated by.Figure 80 through
Figure 85 for water coolant and by Figure 87 through Figure
92 for oil coolant. The previous figures represent the
9enerated isotherms that summarizes the thermocouple
transient readings. Considering the first set for water,
the coolant flow rate was kept constant aﬁ Re = 125°, while
the stack pPressure was changed from 0 Kpa to 3500 Kpa. From
these figures, we can observe the increase of the

temperature with respect to time until the steady state is
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reached for any given coolant flow rate and stack pressure.
The highest temperature zone location is slightly off the
center due to the configuration of the cocling system. With

higher stack pressure two effects on the transient electrode

temperature distribution were noticed.

(a) Higher transient average electrode temperature
with higher applied stack pressure approximately
3.064%10° °C/KPa as shown in Figure 86. Considering
the most extreme case when water was used as a
coolant, with minimum flow rate, the peak electrode
temperature &s exhibited by Figures 80 to 82 when
the applied stack pressure was (0 KPa), increased
from.87.1?C to 185.3°C during the considered time
intervals. On the other hand, when the applied
stack pressure was increased to 3500 KPa the
peak electrode temperature increased from 92°C to
189°C before .reaching the steady state operation
condition. The average transient electrode
temperature, when the applied pressure was 3500 KPa,
went up from 64.8 °C to 129.3 °C with Re=1250 as
shown by Figure 86. The reason for this temperature
increase will be explained in Chapter VII.

Similar transient electrode temperature distributions
vere noticed when oil was used as the cooling fluid for
dlfferent flow rates, refer to Figqures 87 to 93. However,
in gdeneral the peak and average transient electrode

temperatures were higher for oil than those for water as
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Instantanegus Electroge Temperature Profile
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instantaneous Elecirode Temperature Protfile
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deponstrated by Figure 97 which shows the variatiqn of the
experimental transient average temperature. The average
transient electrode temperature increase per unit of applied
pressure was approxihately 2.131 * 1073 °C/KPa. These
results were unexpected. Higher heat transfer ratesat; thie

coolant should decrease the average surface temperature of

the cathode plate. .

.i.'n{t@.i,. ! ."

(b) More uniform temperature distribution: the transient
isotherms temperature difference decreases and that

is basically due to enhancing the surface contacts

2, ::sfvﬂﬁﬁ):'r W
fl

because of increasing the clamping pressure which
causes reducing the thermal contact resistance.
This in turn will result in a more even and

symmetrical temperature distribution and reduc=

the existance of high number of thermal reaks.

Tnese cbservations ware cornmon or beth coolants

used.
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5.1.2 The Effect of the Coolant Fluid Flow Rate on the
Transient Temperature Distribution

The other parameter, beside the stack pressure, that
vill affect the performance of the fuel cell is the maés
flow rate of the cooling system and the thermophysical
Properties of the fluid. .This sectiqn was devoted to
examine the influence of those two parameters on the
transient temperature profiles, transient fuel cell average
temperature and pea® electrode temperature when the stack
pressure is kept constant throughout the considered
experimental time intervals.

Referring to Figure 94 through Figure 96, the following

. XJ i .7:,.7
&’t can be observed for the water coolant case:

(a) The cell peak electrode temperature increased from
87.1 °C to 185.3 °C when the Re humber was 1250
and from 84.3°C to 1490°C when Re = 6167 with’
an applied stack pressure cf 0 KPa.

(b) Lower transient average eledtrqde temperature were

noticed for both fluids with higher mass flow ratei
as shown in Figure 101 for Re number. For
example comparing between "the test done using
water coolant with Re=6167 using (0 KPa) applied
bressure and that with Re = ;250 using the sanie
applied pressure, the average temperature wént
up from 37.2 °C to 68.4"& in the first test while
the raise in the second case was from 63.3°C to

118.4 %.
-
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By comparing Figures 80 to 82 and Figures 94 to
96, it can be noticed that the transient
temperature profiles propagation rate decreased

with increésing the mass.flow ratel
on the other hand, when o0il was used as a ésélant
similar observations were noticed with higher volumetric
tlow rates and constant applied pressure as shown by Figure
97 to Figure 99 which summarizes the effect of the coolant
flow rate on the temperature profiles for Re = 15, P. = OKPa
and Re =80, P = 0 KPa. . Referring to Figure 93, the
variation of the éverage -tempefature for part -of the .
experimental results are summarized as a function of time.
The transient avarage electrode temrerature decreased with _
high coolant wolumetric flow rates remarkably.. Also, the

docrease in the transient peak electrcde temperature was

very obvious with higher Re numbers.
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5.2 gxperimental Temperature Profiles During 8hut-Down

process

5.2.1 The Effect of stack Pressure on the Transient
Temperature Distribution

puring a shut-down process similar observations were
not iced for both working fluids when the effect of the stack

pressure is considered while keeping the mass flow rate

constant. The variation of the average transient electrode

temperature is exhibited by Figure 100 and Figure 101 for
poth coolant. The electrode of temperature drop rate 1n the
electrode was slower with higner pressure. Also the average
{ncrease 1n the temperature due to 1ncrea51ng the pressure
vas 2.893 + 1073 ana 2.011 * 107 Sc/KPa‘ for water and oil
respectively. On the other hand, the temperature profiles
wverc more uniform than the start-up process as demonstrated
by Figure 102 through Figure 107 for water coolant for the
vhole testing period.

$.2.2 The Effect of the Coolant Fluid rlow Rate on

the Transient Temperature Distribution

The higher coolant mass flow rate has increased the
eslectrode temperature drop rate when the pressure is kept
Constant. Also, the peak electrode temperature was rediééa
significantly with a higher Re number  for both fluids. 1In
8ddition, the transient isotherms temperature differential

decreased dramatically when the mass flow rates were

lhcrnged.
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Instantanacaus £lectrode Temperatuce Profile
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Instant;neous Electrode Temperature Profile

T T Y
ij;»* ]""]-j/H' L

|
-
-1
I I O T

=P

”"%‘7'**5#' .
i~

h—~-.—.-..
! |
NP R e

Pt s 64 e ot S e ¢ — o A——— P S—— " St St e 58 B

Re - 1250 N Cocojant Fliuld :water

P - 3500 (KPa)
E.E. 1500 (K/m*2) : -

Figure 106. Instantaneous Electrode Temperature Profiles
.During Shut-Down Process (Water Cog;ant,
P=3500 KPa, Re=1254, E.E.=1500 w/m-}.

Instantanecus Slectrode Temperature Profile

e
o P e L

Re - 1220 Coolant Fluld :water

P = 3500 (KpPa)
. E.E. = 0 (W/®"3)
Figure 107. 1Instantaneous Electrode Temperature Profiles
During Shut-Down Process (Water_Coolant,
P=3500 KPa, Re=1250, E.E.=0 w/m%).
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Theoretical Analysis of the Transient Temperature

5.3 2
Distribution

In this section the theoretical analysis developed by
Alkasab and Lu [1] was modified for the transient operation
condition considered with incompressible cooling fluids.
The previous analysis considered the PAFC shown in Figure
108 where the stack consists of a matrix of five cells
petween each cooling plate sandwich.

The energy balance eguation used represents the
contribution of fuel cell, cooling plate, process air and
coclant in the heat exchange during a transient process.
The following assumptions were considered when modifying
that model:

(a) The total thermal resistance of the system is

dépendént on the applied stack pressure, i;e.
(K) is not constant and will be modified
using the exparimehﬁal correlations for the
thermal contact resistance developed in the
previous chapter.

{b) A symmetrical behavior -of identical halves

throughout the fuel cell stack.

(c) One-phase flow.

(d) Incompressible working fluids.

(e) Constant processing and cooling fluid

specific heat and densities values during

the considered time intervals. .
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(f) Temperature gradient in the z-direction is
negligibly small.

(g) A adiabatic (isothermal and reversablé) behavior
is assumed of the fuel cell edges, no correction
factor will be used to modify the heat tgghsfer
coefficients for the cell and cooling plates.

(h) The transient experimental expression for the

cooling fluid convection heat transfer

coefficient will be used.

For the chemical reaction inside the fuel cell, the

following was assumed:

{a) wel to process air operational ratios remains °
constant throughout the considered testing time

intervals.

(b) ‘Phorphoric acid concentraticn does not change'

A Tl

x ‘ during the considered time intervals.

SR,

”‘W'H"Wq ¥
. 1, B N
PN :

(c) No significant accumulation in reaction
’
components.

The governing equation can be written as follows for a

transient for the considered PAFC components:

Puel cCell plate:

The governing equation for the fuel cell plate should

SRR

include the conduction heat transfer in the x-direction,

ﬁ‘COnsidering the éffect of the thermal contact resistance on

. the Conduction heat transfer in the y-direction, the heat
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Joss to the process air by convection, the internal heat

qeneratiOn and the effect on the internal energy of the fuel

cell plate as follows:

. . 2 .-
3T - aT ; T . .
Ky Sla, = Kol + WK 330, -

c,m, 3T, AH _ aT )
- Ayl v T OF - V) =Gl (G) (35)
in late:

The governinglééuatiog for'thé fuel éell platé should
include the heat.conduction in the x-direction, the heat
conducfion inAﬁhe &-direction, heat loss to the éooling
fluid by convection and the effect of the internal enargy
of the cooling plate; as follows

c,1,

AT | . . T _
[21& Wlx.h}] *LK ey s

T -
0y ¢ L, (3D (36)
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process Air:

The governing equation for the process air is composed
of the heat gain by the process air by convection, the
change of the air enthalpy, and the effect of the air

enternal energy as follows:

i aT, aT,

Cooling Fluid:

The governing eqﬁation for the cooling fluid should
include the heat transfer to the cooling fluid by
convection, the chanée in.éhg enthalpy of tﬁe cooling fluid,

and the effect on the internal energy of the cooling fluid,

as rfollows:

X 3T, 3T,

The initial ané boundafy conditioﬂ can be miﬁimized as
follows:

(A) S8TART-UP PROCESS

Start-Up Initial Conditions:

Room temperétufe atﬂ(tQO) = T(x,f,t) = T(x,Y,0)

Iransient Boundary Conditions:

Geometrical Symmetry (1) %% = 0 at x=0, t>0

Mdiabatic Process (2) -%% =0 at y=0, t>0
Geometrical Symmetry (3) %% =0 at x = L,, t>0

Adiabatic Process (4) %2 =0 aty=1L, t>0
o Y

Negligible Temperature %% at 0<z<L,, t>0

Changes in the z-Direction - -

]
Q
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‘ x
process air inlet temperature (6) T,(x,0,t) =C, t>0

, : ok
coolant fluid inlet temperature (7) Ta(x,0,t) = C, t>0

- x
except in the case of o0il coolant): T,(x,0,t) = C t>0

x X .
vhere C; = C, + n

For water coolant h,(t) = 31.088 (Re™%77) (00093t
(PrO-053) (Q0-0001260) _ 31 (o0

Note:

Fcr oil coolant h,(t) = 16.088 (Re°'216) (e°'°°°6")‘
(Pro.oon) (e1.356-w,-4o) - 15.088

B ~‘a.f_¢g q,ma«o_;,‘i"ﬁ‘ Ko i

(Re0.216) (pr0.0076) (81'356"0..‘°)

gg

jpg: (B) SHUT-DCWN PROCESS

;%: The initial and boundary conditions can be summarized

5%’ as follows for the shut-down process that will start from
% @ steady state operation ceondition when t=120 minutes:

'éi Shut-Down Initial Conditions:

’“égl Average cell temperature'af (t=120 minutes) = t(x,y,t) =

' _:: T(x,y,120)

. Transient Boundary Condition:

aT

Geometrical symmetry (1) 3% = 0 at x=0, t>120
Adiabatic process (2) g—; =0 at y=0, t>120
Geometrica) symmetry (3) -g% =0 at y=L, t>120

aT
ay

I
n
o

Miabatic process (4) at y=L, t>120
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Negligiblé temperature 3—2 = at zs<L,, t>120

change in the z-direction (5)
s
process air inlet temperature (6) T,(x,0,t) = C; t>120 min
. X - -
coolant fluid inlet temperature (7) T,(x,0,t) = C; £>120 min

. b 3 : .
(except in oil case): T,(x,0,t) = C; £>120 min

Note: For water coolant: h,(t) = 70.088* (Re%%7) » (Pr™ M%) «

[exp (-0.00891t + 0.000123 o)

For oil coolant: hg(t) = 35.044#* (Re¥215%) »

(PY7-¢%"193) [exp (-0.00901t +

1.356%10™ o)
where T

T = T(x,y,t) = Temperature converted to (C°)

T, = fuel cell plate’ temperature (c®) |

T, = cocling plate temperature (c®)

K, = effective thermal conductivizy in stacking
direction in (f'.'.%)

K, = effective thermal conductivity in the process air

direction in (;‘101)

He
-
]

process air mass flow rate (Kg/hr)

= cooling fluid mass flow rate (Kg/hr)
= fuel cell plate thickness (m) '’ '
cooling plate thickness (m)

= high of the considered slice (m)

SN A
"

length of the considered slice (m)
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molar heat of reaction of hydrogen
F = Faraday’s constant, (constant/meter)

voltage {volts)

<
]

current density (—;52) -

(]
1}

c,y = fuel cell plate specific heat (K‘ c°)

cooling plate spec1f1c heat J o)

M, = fuel cell plate pitch (m)
M, = cooling plate pitch (m)

by = fuel cell plate density (Kg/m

p, = cooling plate density (Kg/m’)
p. = molar density of air (gm-mk/m’)

Py = process air channel perimeter (m)

g
~
i}

cooling tube perimeter (m)
A, = process air channel cross-section area (m?)
A; = cooling air channel cross-section area (m?)

1 ' h; = convection heat transfer. inside process air channel
W :
me. C°)

h, = convection heat transfer coefficient inside cooling '
tubes (—}'——-)
m* C°

Note: The purpose for using (Cs) in the case of o0il, is to
account for the hlgher temperature of the coollng flu:l.d due
to the effectiveness of the cooling heat exchange of the
Secondary cooling system. . ‘

The partial differential equations were solved by the




-

162

ginite difference method utilizing the available initial
and boundary conditions. The developed Fortran computer
code was thern used to generate the theoretical temperature
profiles, the average temperature, the current ?e?sity
profiles and the average current density for the start-up
and shut-down process under different operations conditions -
and for the two incompressible fluids.

The importance and the accuracy of the data generated
by the electrode depends on the gonsideration of the design
and operation parameters, the cooling system configuration,
cooling fluid propefties and ‘current density.effects on the
electrode temperature distribﬁtion.

In addition, two of the parameters that affect the .
performance of the cooling system predicted by the computex.
code are the plates dimensions and the fuel cell stack
material construction and design. The consideration of
those two parameters will make the code sensitive to the
material properties of the cooling and cell plates, such as
the thermal conductivity; the cooling system and the
sandwiched cell plates configurations, and the properties
of the working fluid.

In the theoretical analysis considered above, the
Computer code was modified in‘ order to predict the
Performance of a fuel cell that was simulated by the
experimental model by considering the following design

Parameters:

(a) cooling and fuel cell plates dimensions.
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'Cooling and fuel cell plate thermal

conductivities.

Mass flow rate of cooling. incompressible fluids

utilized.
Serpentine cooling system dimensions and

configurations.

Thermophysical properties of the utilized cooling

{e)

fluids.
(f) Inlet temperature of the ceoling fluid (oil
coolant only. | '
(g) Total applled stack preseure.
(h) The sequence of the monltorlng tlme 1ntervals.
The output data file modlfled to demonst*ate tﬁe
traneient electrode temperature dlstrrrutlon. The 1n1tla;

conditions will determine whether the.performed test is a

start-up or a shut-down procsss.

&
*

i

¥
¥
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5.4 Analytical Results

In this section the results generated by the
theoretical analysis will be presentad and appropriate
analysis will be made to provide the needed information for

P

a comparison betweeen the experimental and theoretical

results.

5.4.1 8tart-Up Process

The transient _temperature p:ofiles for a start-up
process are demonstrated by Table I to Table IV, only for
maximum and minimum- applied stack pressure, with minimum,
average, and maximum mass flow‘rates, vhen water is employed
as a coolant. Figure 109 summarizes the variaticn in the
average electrode temperature during the different
considered start-up processes. As noticed in the
experimental results, there is a tendency toward a higher
average electrode temperature with higher applied stack
pressure on the .average of nearly 2.075 * 10 °c per
additional KPa. On thé_other hand, the average electrode
temperature will drop with higher coolant mass flow rate or
Re numbers. In addition, the transient temperature
differential seems to decrease remarkably between the
isotherms with higher stack preséure, but the opposite is
noticed with the same stack pressure but .lower mass flow
rates.

Similar results were observed when oil was used as the

cooling fluid as exhibited by sample Table C-I and Table-II
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able I. St

STAOTING TIiME .00

CNIING TIME = 2!:.:.“

JWERAGE TEMPERATURE ~ 66.631
PRESUFEw 352C.0 Xia

SEYNULD'S HUNBERS- £.J2500%+0¢

COOLANT:WATER

83.162 82.404 31.645 83.38%
2.509 39.74E T? 338 Te,248
73.719 78.953 78,197 77.436
78.029 77.246 76.484 75.722
7&£.2%2 75.489 71.725 73.962
e S0¢ 73.82¢ 13.C56 72.293
12.734 ’1.969 71.203 73.438
72.:10 £5.382 G~ .62F &7.8€67
68.227 €7.439 66.742 €5.985
nG.34% 65.369 ¢4.8323 64:07§
&1.4¢7 62.722 5;.573 61.233
$§3.252 5$8.552 370837 57 132

£LSCTPCDE TEX PERATURF DISTRIBUTION

ELECTRODE TEHPERATURE D'STRIBUTIOH

STARTING TIME = 20,00

ENDING TIME = 30.00

AVERAGE TEMPERATURE =« 77.372
PRAESUPE= 3500.9 KPa

REYNOLT ‘S NUMBER= 0.1250GE+34

ZOOLANT :WATER
94.008 93,148 92.291 91.433
92.341  91.480 99.838 89.757
¥0.384  £5.321 88.553 7.795
€8.601 87.735 86.869 86.003
$6.713  85.844 84.976 84.108
$5.03¢  s4.l6s  63.292 82.420
02.969 82,096 B81.222 80.349
79,18 78.331 77.476 76.620

90.576
28.89¢
86.932
85.137
£3.240
81.547

29.476

75.765

168

"89.718
88.034
85.379

84.271-

2.372
80.675
78.603
74.91¢0

7€.611
76.94¢€
75.153

72.434

a_.c 2
69.95¢&

83.861
7.472

85.207

£3.466
81.504
79.302
77.729
74.054

- -~

-
- 4

83.003
85.311
84.344
¥2.540
80.636
78.929
76.856
73.199

Ccolant

87.14¢€
85.450
83.483
8l.67¢
79.i58
78.057
75.983
72.342
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I (Centinued).

. 163 7£.310 T4 435 73,9925 TE.TAT 71 82 7t 238 SJ.lé:
.3%6 73.082 72.334 71.278 705625 39.6172 €R . ELD 67.%€7
-1 X] 68 .738 67.912 67.967 66 261 £5 ..436 64.610 §3.76<
.432 51.66? €2.3%0n £0.113 59.380 s8.527 LY. ESe 5T.9%2

ELZCTROUE TEMPERATURE DISTRISUTION
STARTING TIME = 31.G0 ) .
ENDING TIME = 40.00

AVERAGE TEMPERATURE « 87.744
PRESURE= 2502.0 KPa

REYNOLN'S NUMBZR= 0.12500E+04
CIOLANT :WATER :

106.838 13%.913 104.938 103.963 102.989 197.014 101.039 100.%€« 99.085
205,205 104 227 1G3.2e¢6 102.264 10i,233_”100.391 95.329 9€.338 £€7.3
IPYTLI6T 102.073 10:.090 100.1%6 790.122 98.159 ' §7.18% 96.1 95.13
291.184  10¢0.23°% 99.216 ° $§8.227 97.238 96 .249 25.269 ¢4.271 93.282
€3.15¢ 93.18? 37.164 95.571 35.173 94.13§ 93.194 82.xm 21.208
97.474 95.473 95.473 94.473 93.473 92.472 91.472 $0.472 89.471
9€.182 34.1990 93 139 $2.187 91.185 93¢.183 89.131' es.17¢  '87.3177

“w

LR 88,947 87.¢%¢ E7, .05 BG.0? 85 .y€e2 84.33% ar. i #2143

27,612 86.44¢ “2.471 LI XTY) e3. 832 82.56i 31.%532 80.672 7e.8
£d.75s E3.523 82.83582 81.895 - B3.92¢ 72.961 76.934 76.027 77.0¢0
7%.513 717.592 75.671 75.750 74.829  73.9¢8 72.988 72.2%7 71.14<

€7.773  66.954 65.1136 65.318. "64.499 -63.681 62.863 62.045 61.226

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIHE = 40.00
ZNDING TINE ~ 50,02
AVERAGE TEMPERATURL «190.31€0
;:5:gt£— 3500.9 xea

D’S NUMBER« 9. +
COOLANT: WATER 12500804

<3-25% 121,135 :2¢.02: 118.906 113.791 116.676 115.561 114.446 123 3
$9.552 119.428 118.303 117.179 116.054 114.929 113.865 112.68y 111.556
0297 117.049 115.920 114.792- 113.664 112.536 111.408 110.280 1¢9.152
*5-224 115.088 113.952 112.817 111.681 110.545 109.409 108.273 107.137

WGWAL;P ‘
OF POOR QUAL RS
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hle I (Continued).

3.3%5 2,808 il1.73° 110,569 595 .92% 104,287 127.140% 16¢.6L¢ 1C<. €
Loear o tli.iTE 315.025 208,873 167.7I0 183 36 Aub.€iv L01.382 173.1%@
\-a.a3¢ 108.63¢ 107.538 136.381 105.225 154,069 102.313 10i.757 160.§00
A3.697 101.596 100 478  99.369  93.260  $7.15C 96241  94.911 23,81
29.773 ©8.672 97.565  96.458  95.351  94.244 93.137 92.039 90.923
96.590  25.856  94.493  93.391  92.283 1.i85 90.033 88.980 £7.878 ;

87.041 86.0C8 84.976 83.943 82.910 81.877 80.844 79.811

73.103 72.22; 71.338 70.45€ 69.573 63.€90 £7.808 56.9025 56.047

LECTRODE TEMPERATURE DISTRIBUTICHN
STARTING TIME - 50.00
EMDING TIME » $3.60 .
AVERASE TENFERATURE ~114.872
PRLUSUTE- 3300.0 RPa
KEYILD'S NUMBERe 0.12:500%+04
CONLANT : WATER

[
‘ab
E-N
v
-
'™

'40.6435 ;39,352 139.079 13F.796 135.514 132;945 131.455% 130.382
12,921 1237.62% 1n.73§ 135 G633 (R1.737 13z ALl 132,142 229.33% 1:3.833
TYe.i34 126,983 133.682 132.79) 12, C83 12z 772 128.378 12;.1’7 “123.87%
<30, 2232 20271 131.303F  1340.237 LI5.508 127.674 L26.3€2 125,950 12:.7E

w

23
131,779 130.450 129.140 127.821 12$.502 125.192 123.862 122.544 121.2234
1)0.151 128.816 127.480 126.145 -124.809 123.473 122.138 120.802 119.4¢
127.500 226,153 123.8156 123.474 122.132 120.790 119.448 1108.196 116.764

10.225 199.651 107.735

-

117.97 116.6%7 115.423 114.148 112.874 111.600

gt

06.$32 105.562 104.390

(1.

Sa4.597 113,206 112.215 11C.745 19¢.47¢ 108,203
+10.922 109.547 108.382 107.118 10S.353 104.588 103.323 102.053 12100.7%¢
99.366 98.209 97.035 95.86% 34.704 93.539 92.1373 91.208 90.042
LA S P31 78;353 77.39¢€ 75.418 75.481 F4.523 73.566 72.6G8 71.659

ILECTRCCE TEMPERATUKE DISTIBUTION
STARTING TINE = 60.00 ’
ENDING TINE = 70.00 -
AVERAGE TENPERATURE «=132.695
PRESURE- 3509.0 KPa

REYNOLD’S NUMBER= 0.12500E+04

COOLANT :WATER . QRE{JHQ&L m ﬂf
0F POOR™GUALITY

2
3
hd
u
5
¥
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111,425
83.¢00

{Continued) .

183,789

157.99S

1£5.042
152.852
150.2

. 146.521

143.719
133.353
129.353
125.334
i20.100

54.455

152.304
156.434
153.533
151.329
148.57¢
146.945
441.143
131.887
127.885
123.57S
108,778

33.di¢

156.820
154.992
152,024
149.895
147.042
145.390
142.577
130.41¢
2126.417
122,116
107.458

82.26%

18%.33%
153.490
150.515
ids. 281

145.590¢

143.834 .

i41.030
i2e. %42
124.950
120.857
13€.133
at.32¢

152:2a5%
1St .3es
149.007

152.366
150.486
147,498
145.234
142.442
149.722
i7.877
125.%97
122,014
117.739
102.439

73,339

-3
vh

15c.85:
148.982
1¢% . eac

14

(W)
~)

1
140.908
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e II. Start-Up Process with Water Ceolant
{P=5 XPa, Re=1250).

ELECTRUCE TEMFERATURE DISTRIBUTICH
STARTING TIME « 10.00

ENDING TIME = 20.00

AVERAGE TEMPERATURE = §3.163
FRESUTE- .8 KPa

PTYNOLD': SIUMACR= 0. 12300f+0¢
COOLANT :WATER

TI.SE376.818 76.094 75.369  74.644  T3.919. 73.194  72.463  71.74c
73865 75060 74.413  73.686  72.9¢0 72,233 71.507  12.78¢ 34 sse
i$.062  71.334 72.607  71.880  71.:53  70.426  §9.89s §6.971  68.24¢
R332 71.002 0 70.874 30145 69.417  €3.688  67.365  s7.231  6s.502
TORST RS.PIT 49.098  64.363  67.639  -65.309  €5.130 . 65.450  4¢.2a%
“6.803  £5.137  67.495  66.674  $5.942  €5.211  64.380  6%.7z _61.017
T €7.302  36.271 85.539  53.808  64.076  €3.345 62.613 $1.822 ¢
FUtRT €3993 63499 52,285 S1.561  €3.037 - 60.113 - 59 3ge Se. 563
$2-%67 61342 €1.119  60.395  53.672 2949 - 58.225  57.51 56.778

€3 €351 59.928 39.z:c0¢ 53.452 £7.269 £57.037 £6.314 ~ '55.3591 £4.862

5T.e05:2 A B 5 £&.4z: 55 729 L3.n08 $q.297 £3.38¢ 52.874 $2.162
K £2. a€2 €3.178 £2.395 S1.82% 81,127 53 . 442 49.7¢0 4¢.07¢€ 48 3¢

v

ELECTRODE TENPEAATURE DISTRIBUTION
STARTING TINE = 20.00 .
ENDING TINE = 30.00

AVERAGE TEMPESRATURE = 71.214
PRESURE~ C.0 KFa ’ -
REVNOLL’S NUM3ER- 0.125062E+C4
CCOLANT .WATER

HRAPn  Ep OWRA -
e A e,

87.63¢  86.635  g5.015 85.136  84.377 83.557 82.738 81.919 31.0%¢
83.949  85.125 84.302 83.479 é;.sss 83.833 81.0210 80.187 79.363
8) 970  83.145 g2.33; 81.495 80.672 792.847 79.023 _78.139  17.33¢

92.152 81.328 €93.497 79.67% 79.842 7a.215 77.185 76.3%¢ 75.533
80.21¢ 79.406 18.877 . 77.747 76.917 75.088 75.25%& 24.429 73.8¢¢ -
78,518 77.682 76.348 76.014 75.180 73.3458 73.512 2.678 71.845 -
76.430 75.596 74.761 73.927 73.093 72.258 71.424 70.589 -¢9.7%8=2

R ST ) 71.983 71.13¢ 70.318 69.501 €2.684 67.866- 67.049- 66.221
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Table II. Countinued.

“ .98 88.TBI  €R.TE3 56.145  ST.I32 F& 216 E5.6%9 E4.SB3  gq.06€
¢A 316 67.555  66.748  65.925 &2.110  54.235 €3.4E0  €2.66S  51.85:
sa.18¢ 61.37S  62.586 61.797 61.008  60.219 59.430 58.642  S7.83:

073 55.244 55.£18 £3.748 33.0%% 52.327 51.54%%

w
i
-~
[
-
n
=
~
(=]
(=]
(L)
o

ELECTRODE TEMPERATURE DISTRIBUTION . .
STARTING TIME = 30.00 )
ENDING TIME = 40.00

AVERAGE TEMFERATURE = 80.768

PRESURE=~ 0.0 XPa .

REYNOID’S NUMBER= 0.12500€494

TOJLANT :WATER

25.CH6 98.733 97.633 95.872 95540 95.un8 94.077 93.14% 92.2:1%
97.9:6 56.928 ] 95.350 35.112 94,17<' 23:236 .28 21.3¢1 20.4%3
§T.7d4 94.804 53.864 ”92.924 91.984 91.044 949.104 89.1€4 88.224
13.823 32.884 91.933 90.334- 97,345 035,104 8£.159 37.211 86,252
11.744 9¢.795 83.847 88 899’ '85.950 87.001 86.053 85.131 84 .15¢€
[} 85.218 24,263 83.307 82.251

>
i
-3

89,932 49.042 58.086 87 130 an .

T 432 HE€.753 a5.77¢€ d..218 £3.8€: 670,964 61.946 ac.eas $0.032
Pl.e23 S1.%68 88.777 7S5.34qn Thovih 7.6y 77.C064 78,138 75.206
40,123 79.197 78.270 77.;43 "76.417 i5.493 74.563 73.437 72.716
17.817 76.593 75.649 74.746  73.822 72.898 71.974 71.05¢2 70.225 °

711,569 70.689 - 69.809 - 59.929 €9.049 67.159 €6.289 €65.109 - 64.53¢C
61.591 60.809 60.028 $9.246 53.464 $7.632 £6.960 ~ 56.1i8 55.336

LLECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME = 40.00

ENDING TIME « 50.00

AVERAGE TEMPERATURE = 92.149
PRESURE= 0.0 X?a

RLYNOLD’S NUMBER= 0.12500E4+04
COOLANT :WATER

‘2. 112.926 111.860 116.79 109.729 108.664 107.598 106.533 105.467
-12.207 111.132 110.058 108.983 107.909 106.834 105.759 104.685 103.610

©9.790 108.712 107.634 106.556 105.47% lOl.‘Olh 103.323 102.245 101.167
T 0. 106.680 195.594 104.599 103.423 102.333 101.253 100.167 99.08C

MGINAL PACE IS
: POOR QUALITY
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Table "II. Continued.

1,477 10a.3a38 103.295 1€2.%37 101.i18
1¢3.715 102.614 191,51} 100.41i  99.30%
101.193 100.688 98.983 97.879  96.774
9e.376 23.316 92.25% 91.196 = 90.136

1.461 ©0.403 89.345 88.287 87.229
34.181

w
[

ga.13y  37.345  36.2%1  8S.2
80.285 79.23s 78.311  77.324  76.337

66.434 €5.593 64.743 631.306 63.062

ELECTRGUE TEMPERATURE DISTAIBUTION
STARTING TIME = 52.00

ENDING TIME = $60.030

AVERAGE TESPERATURE ~103.73§
PRESURE~ 0.0 XPa

AREYNOLD'S NUMBER= 7.125C0E+04
COQLANT:WATER

121,147 129.316 323.$91 127.465  128.233
129.304 128.66S 125.827 125.529 121.350
126.613 125.379 124.127 122.883 -121.540
124.463 123.209 121.956 120.702° 119.449
121.935 220.67F 1319.<i5 113.154 116.893
120.15% 118.623 117.617 116.340 115.064
117.452 1:6.170 1i4.887 112.5€5 112.323
108.413 107.195 105.977 104.760 103.542
105,007 103.793 102.573 101.364 100.150
101.392 100.183 ©8.975 97.766  96.558
$0.578 8s.464 88.350 87.237  86.123
T2.677  71.162 70.247 65.332  68.4i7

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME = 60.09

ENDING TIME =« 70.90

AVERAGE TEMPERATURE =122.091
PRESURE= 0.0 KFa

REYNOLD’S NUNBER= 0.12500E+04
COOLANT :WATER

174

100.026
98.206
95.663

89.078 °

86.172
62.131
75.350
62.213

120.397
118.195
115.633
113.788
111.040
102.324
98.935
95.349
85.009
£7.5862

98.91%
37.106

94.564

88.016
85.114
82.0:7
74.361

© 61.376

123,787
121.873

119.15¢

116.942
134.372
113.512
199.759
101.107

97.721

94.141

B3.896
§6.587

97.845
96.005
93.459
85.956
84.056
81.0:22%
T3.2?

60.532

120.63%5
117.911
115.588
113.111
111.235
108.476

99.889
-96.506

92.922

82.782

65.672

PARE 18
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i K
o 2 f[able I1. Continued.

& K .

% Y SI1 0761 150.342  148.924  147.505 145.087 144.668  143.250 141.33! 145,412

N 2 . L

- 149,651 148.419 146.984 1425.548 144.113 142.678 141.243 1'5.808 138.373

- L . - .

B 146,843 145.301 143.959 142.618 - 141.076 139.634 136.192 135.7S1 115,209

464,583 143.097 141.641 140.18% 238.72F 137.273  139.317 134.361 132.903
141.735 140.270 138.804 137.339 135.874 134.408 132.943 131.478 136.0:2
.39.9%4 . 133,838 137.012 135.3524 lZd.O?S 132 581 131.064 i29;570 123.9?1
132 .126.655 128,138

1J7.113  135.81€ 134.119 132.62% 131.12e 183,622 128
125.260 123.853 122.44€ 121.039 115.532 118.22% 116.819 115.42:1 114.004
B $21.260 119.857 116.455 117,853 115.650 114.248 112.84S 111.443 119.04:

ik

116.96% 115,575 114.181 112.787 111.393 109.998 108.604 107.210 105.3:%

02,774 101.510 00,247 93.9a3 97.719 96.4%5¢ 95.192 €3.929  97.832
R P 77.553 76.554 V3.€55 Ti.657 72.85¢ 72.820 73.4622 T5.663

ORIGINAL Paap : 18
POOR QuALITY
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ELESTRODE TEMPERATURE DISTRIEY
STASTING TINI = 10.9C

ENDING TINE = 20.00 |

AVERAGE TENFERATURE « 53.73¢
PRESURE= 353C.0 KP2

REYNCLD'S NUR3ER= 0.33210E+04
COOLANT :WATER

71.924  71.166  70.407  69.649
ic.484. 65.724  68.951. 68.203
€8 925  66.164  67.403  €£8.84i
©7.436 66.673  §5.911  65.149
55.906 65.142 64.379  63.616
€4.457 51.697 6£2.92¢  62.161
§2.842  52.277 €1.315  €0.54¢€

$6.589 59.e831  5C.073  52.31%

58.350 58.19i §7.435 56.678
$7.287 56.530 §8.774 55.C17
54.788 34.673 53.599 ®2 855
$1.150° 50.43% 49.7193 49.004

176

Table IYI. Stazrt-Up Proc
(p=25G9 XPa,

TIou

.a

58.83¢C
67.442
§5.2381
54.386

62.852

61.39%
49.733

37 €54

n

5.921

ELECTRODE'TEHPERATURE'OISTRIBUTION .

STARTING TIME = 20.00

ENDING TINE = 30.00

AVEFAGE TEMPERATURE = 66.220
PRESURE= 3500.0 KPa

REYNOLD’S NUMEER= 0.33210E+04
COOLANT :WATER

81.303
19.851
18.145
76.592
74,947
73 .488
71.685
$8.404

80.445
78.950
77.2€3
75.727
74.079
72.614
70.812
67.548

79.588
78.128
76.421
74.961
73.211

71.741

69.939
66.693

78.730
77.267
75.558
73.995
72.343
70.868

69.065

65.837

77.873
76.405
74.695
73.129

71.475
69.996

64.982

68.192

68.132

€6.682

65.12%
62.624
62.089
§0.630
59.015

S6.800
55,163

53.504¢
51.0€8

i7.573

77.015
75.544
73.832
72.263
70.607
69.123
61.3;5

"64.127

76.158
74.682
72.968
71.397
§9.738
68.251
66.445
63.211

Coolant

S3i.645  52.39C
51.991  51.23%
18,877 45.933
#r.zal §s.anf
75.300  74.443
73.821  72.963
72.107  71.26d

79.521 €9.6=3

63.870 66.0:3
67.378 66.522
64.56%¢

65.572
62.416 61.522

ORIGINAL PARE 1S
OF POOR™QUALITY
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rabie IIi. Continued.

£5.663  <:1.80% 63,994  53.C8%  62.24%  6L.I%0  S6.S34 31.6%;
p7 63.72¢ €2.871  E2.019  E1.1€6  6C.ILI 3%.4€Q  £8.807 37,76
;53 59.936 59.112  58.287 57.461 S€.636  55.8i0 54.985  Se¢.1S%
2 53.73) $3.0id4  S2.231 51.488  50.325  d49.9€X  49.199  38.4i¢
ELECTRODE TEMPERATURE DISTRIBUTION ' .

* STARTING TIME = 38.00

- ENDING TIME = 40.00

AVERAGE TEMPERATURE = 75.039
PRESURE=~ 3500.0 X¢a .
REYINCLD’'S NUMEER= 0.332i0E+04
CACLANT : NATER

BRIy A

9. .44¢ Ql.469 90.494 89.520 33.543 87.579 . 86.525 85.62¢C 64.6495

o b
.
o
.
w0
-
[
3
I
-
I3
[
I

20,015 8H,u34 d?.GSI 856.971 35,069 Ja.108 23.226
) £9.104 88.120 A7.137 86.153 §5.162 £4.185 83.202 81.218 81.234

Sy 87.473 ‘86.490 85 .501 24.512 p3.523 82.534 81.545 83.556 79.587
85.697 84.734 83.711 82.719 91.72¢ 8¢.733 79.741 78.718 17.75¢6

ha 233 83.233 22.232 8:1.232 8C.232 79.232 78.231 77.231 T6.231

.Zd9 £1.%44 B0, 242 2,240 72.233 17.337 76,2133 TI2.235 Te.23L

7i.e74 76.763 TELNE 74.760 13,789 1%.817 T1.84% 7¢.875 (%.962

R AR

. 75.491 74.522 73.552 72.582 J1.€12 70.543 69.673 66.7C3 €7.733
}% 73.217 72.256 71.283 70.316 69.550 68.333 ‘57.416 66 .449 65.482
; 67.77¢ 66.855 6§5.63S 65.014 . §4.0353 63.172 62.251 61.339 60.410
%' 56.490 7.672 56.854 56.036 5£.217 54.399 §3.581 52.763 51.944

ELECTRNDE TEMPERATURE DISTRIBUTION
STARTING TIME = 40.00

ENDING TIME = SC.00

AVERAGE TEMPERATURE « 85.67S
PRESURE= 3500.0 KPa

REYNOLD‘S NUMBER~ 0.33210£+04
COOLANT:WATER

135.731 104.616 103.501 102;386 101.271 100.156 99.042 97.926 36.811
104.246 103.122 101.997 190.873. 99.748 98.623 97.499 96.374 95.250
102.17¢ 101.948 99.920 .98.792 97.664 96.536 95.4C8 94.280 93.151
iC0. 472 99.1336 28.200 87.064 95.928 " 94.792 93.657 92.521 21.38%

ORIGINAL PLGE IS
OF PCOR QUALITY
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171, Cootinued.
$;.38S 9£.244  ¥5 103 93.961 $2.R20 91.672  95.538 87, 10%
95.919 9¢.767  93.614  92.461 91.308 90.156 69.023  §?.850
93.7514 -92.595 91.;42 90.286 89.129 87.973 8§.317 2c.8¢1
8T 633 86.43¢ 85.384 84.275 83.166 B2.0S¢E 80.947 1©.538
B5.065 83.9%9 82.8%2 81.74S 80.639 79.532 1 78.425 77.318
§2.392 s81.290 .80.187 "79.0684 -77.982 76.879  I5 77T 74.674
71.93¢L 73.963 72.932 71.893 70.366 69.833 68.300 52.757%
62.209 €1.326 60.443 . 59.561 58.678 . $7.795 £6.913 556.030
TLECTRCNL TEMPIRATURE -2ISTRIIUTION
STAKRTING TIME » 52.02
ENCING TIME « §0.00 : i
AVERACE TEWPERATURE » $3.320
#NESURE= 3500.9 KXPa -
REYNOLD®S NUMBER= U.332I10E+24
CCOLANT :WATER
-S1.823 0 12C.3537  1:1%.07e 3LT.ISY 0 1le.3GS flh.:?& 3113.952 132.859  lii.I5%
B S2.130 1% B34 . 117.533 116.342 114.9<e0. 11i3.65% 112.354 1l11.8556 3u9.7¢C:
217.832 116.531 11%.239 113;912 112.628 111.3?7 110.025 10&.725 107.428
“16.040 114.728 113.415 112.104. 110.792 109.480 108.159. 136.857 105.54°%
11,899 112 530 111.2607 109.941 108.8522 107.392 .105.963 104.6€3 102,343
-12.472  111.136 109.801 106.465 107.130 105.794 154.458 103.113 191.787
-10.160 1€8.318 107.476 196.134 104.792 103.450 102.198 100.766 99.42¢
-01.907 100.633 99.358 98.084 $6.810 95.535 94,261 92.387 3r.712
%0.937 97.656 9§.39S 95.124 93.853 §2.582 $1.311 30.941 88.77¢
*%.767 94.503 93.238 §1.973 90.709 89.444 88.179 86.914 35.63¢
5.778  ¥i.612  33.447 82.282 81.116 79.951 78.765  77.625  TE.454
C8.449 67.491 66.533, 65.57¢ 64.618 63.661 62.703 61.746 60 .788
ILECTRODE TEMPERATURE DISTRIBUTION

STARTING TIME = 60.00
ENDING TIME « 70.00
AVERAGE TEMPERATURE =113.499
::::g:g- 3500.0 xra )

‘S NUMBER= 0.33210E+04
COOLANT : WATER

ORIGINAL, PAGE 1S
OF POOR™QUALITY
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Table I1I. Continued.

$7.768 139.285 137.79% 136.21% 134.826¢ 133.3<1 131.£37 135,372 125.65¢
59.323 137.721 135.219 134.715 133.215 131.7
16.659  135.150 133.641 .132.133 130.624 129.1
) B i€.770  133.246 131.722 130.199 128.€75 12%.1
L = B 13.392 130,863 129.32¢  127.7¢3 126.239 14 726 123.152 131.§5e 120 213
0 11.018 ° 129.462 127.306 126.35F .124.795 123.239 121.687 120.127 1ie.57]
< <R.800 127.034 125.467 123.90% 12%.33% 120.767 119.291 117.634 116.49s3
17.743 116.271 114.758 113.326 111.853 11c.381 108.309 107.436  1275.564
14.250 112,782 111.3:5 109,847 108,379 196.912 105.¢44 193.§77 121 :9:
$3.430 109.€22 1uT.563 10£.310d  104.645 10%.78F 1€%.737 232,268 ag a0
. | | 33.32¢ 95.995  94.382  $53.361  32.033 94,71 89,394  BE.C7: 24 74
0

t4.691 73.64¢ 72.602 71.557 20.512° €9.4E7 68.422 §7.377 €8 332

ORIGHAL & SE 18
OF POOR AL ITY
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Table IV.

LLRCTRODE TEFDZ
STARTING TINF =~ 10.0v

(P=9 KPa, ke=3321).

ENDING TINE = 20.00

AVZRAGE TEMPERATURE

#ACSURE~

AC?.0LD'S NUME
£ACLANT :WATER

.G KPa

34,060
52.:25)
Ti.Gl9
49.745
45.469

- 53.056
R« 0.33210E+04

§2.608

62.274
6C.835
59.457

36.044

RATURE DISTRIBUTION

€2.709

6i.373

$9.932
58.554
57.1139
§3.791%
54.305
32.2€5
50.753

i%.126

£LZCTRODE TEMPERATURE DISTRIBUTION
STARTING TIME = 20.00 ’
ENDING TIME -~ 30.30

AVERAGE TEMPERATURE = S59.815

PRZSUREw 0.0 XPa

:g;::;g::hgggﬂﬁn- 0.33210E+04
74,951  73.935 72.919  71.902
73.613  72.592 71.571  70.550
72.042  71.019 62.956 68.574
70 609 63.583 68.557 67.331
€9.093 §8.064 67.035 66.006
€1.746  66.712 65.678 64.644
$6.086 65.051 64.016 62.981
€3.061  62.047 61.033 60.919

70.886
69.529
$7.951

166.504
64.977
63.609
61.945
59.006

i.810

w

¢.472

i

59.031
57.68C
%5.234
£1.886
§3.3¢97
5i.367
4+.358
23.223
43.09%

§2.91S

'69.870

68.508
§6.929
55.478
§3.948
62.575
60.911
57.992

66.313  6G.012
$9.%71 58.469
$8.130 57.228
56.747  55.843
£3.320  54.424
$3.979 53.072
52.490 £1.533
50.469  49.571
¢8.951  48.063
€7.433  €5.53%
4€.33%  44.323
42.087  41.219
€8.654 67.837
67.487  €6.466
£5.506  61.994¢
64.452 63.426
62.919  61.899
61.541  60.507
s9.876  58.841
$6.978  55.964
ORIGINAL

DF POOR'

Start-Up Process with Water Ccolant

56.821
65.445
€£2.861
62.39¢
60.862
§9.472
57.80¢
54.953

PARES
‘QUALITY
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fable IV. {ontinued.

el.222 €0.30¢ 59.297 58.284 S71. 271

t3.533 59.523 57.%912 S€.501 55.431
~6 .08 €5.240 54.061 §3.083 52.104¢

$n.2a0 319.1376 48.472 47 .568 46.6§3

ELECTRODE TEZMPERATURE DISTHRIBUTION
STARTING TIME = 30.00

ENDING TIME = 40.20

AVERAGE TEMPEXATURE ~ 57 .837
BRLSURE 0.2 K2a

REYNOLD’S NUMBER~ 0.33210t+04
COCLANT:WATER

o2 84.057 e2.s11 81.758 a0.¢€00

..

L]
£3.871 gi.708 81.545 se.38L1 79.218

e

€2.143  80.977  79.317 78.646  77.480
87.645  79.373  78.301  77.129  75.957
79.003  77.826 76.65¢  75.473  74.297

T7.95835 76.358 ve.,262 74 057 32,213
ts.83: 74.€3% 73,447 72,530 71.272

Ti.€37 70.45¢ 69.234GS 68.154 $7.0C%

(V]

69.52% 6§6.443 1 67.297 65.147 64.998
€7.499 66.352 65.207 64.061 62.915
€2.483 51.352 60.30¢ 59.209 58.118
$3.923 5§2.353 £1.983 €1.013 §0.044

ELECTRCODS TEMPERATURE DISTRIBUTION
STARTING TIME = 40.00

ENDING TIME « S0.00

AVERAGE TEMPERATURE « 77.391
PRESUREa 0.0 KPa

REYNOLD’S NUMBER= 0.33210E+04
COOLAMT:WATER

$7.471  96.150 94.828 93.507 92.185
96.103  94.770  93.437 92.104 90.771
94.1%¢  92.857 91.520 90.183 88.846
92.623  91.277 89.931 gs.ses 87.2138

79.445
79.05%

76,214
74 .785

73.12%
¥1.724
A7.485
65.851
63:349

"61.769

57.026

49.074

90.863
89.438
87.509
85.892

55.2¢5
$3.1349
50.147
44.855

78.269
76.832

'75.148°
"73.€13

71.84¢
70.%49
s8.697
64.700
62.695
€0.623
55.935
48.104

89.542
88.106
86.172
84.546

22.145%
43.152

43.950

77.134
75.728

"73.982

88.220
86.773
84.835
83.200

€3.227

o an
o 1)
Lol N
w0 4
¥ m

N
W
.

o
4
a

86.89¢
85.447
83.49E
81.8:%-
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1V. Continued.

Sv.eT7 ae.123 8€.7174 8¢ .42
RE .13« 86.752 85.391 84.925%
Re . 127 84.755 32.393 82 . 010
oU.46¢ 73,154 Ti.ez? TE.224
i8.132 76 .819 75.%07 74.19%
75.667 74.363 73.053 71.747
€3.86°9 57.644 66.4:20 65.196
$7.118 $6.072 55.026 53.980

ELECTROPC TENFERATURE SISTRIBUTION
STARTING TIME ~ 50.00 .
ENDING TIME = ©0.00

AVERAGE TEHPEEATJR; - 88.815
PRECURE~ .0 KPa

REYNOLD'S NUHBcR- 0 33210E+04
COOQLANT :WATER

1Z.137 118.616 109.096 107.575 1
110.74S 109.210 107.674 1&6.138 104.
1¢8.627 107.085 105.543 104.06: 12:.45&
109.907% 108,420 102.35€ 1€2.311 101.75%
18,802 103,338 101.875 140,311 98.247
193,687 102.104 190.321 98.335 97.33%
101.S5¢% 99.965 98.374 56.784 95.193
91.948 92.437 90.927 89.416 85.906
91.21¢ 63.704 €8.197 86.691 ES.185
ag.2882 86.789 85.290 §3.791 82.232
95.029 77.8%¢% TE€.316 14,935 T2.534
6).105 61.968 60.833 $3.698 58.564

Echraooe TEMPERATURE DISTRIBUTION
STARTINC TIME = 60.00

ENODING TIME = 70.00

AVERAGE TEMPERATURE =102.529
PRESURE= 0.0 KPa

REYNOLD*S NUMBERe= (.33210E+04d
COCLANT :WATER

104,534
113.936
100,915
9,203
434
$5.772
93.603
86.396
83.678
8c.793
72.173
37.429

103.014

101.530

21.582
79.925
77.905
VI SEC
79.259
67.826
§1.523

50.842

101.494
93.994
97.834

.092

u‘
O

91.606
90.432

3.3718
80.666
71.796
69.410
$5.159

‘Qaw,:w




Table 1V.
139.'67 129.0603 126.248
128346 125.566 124.785°
125.883  :24.195 12z.107
104.242 122.436 120.636
122,051 129.234 118.416
30.%54 113.96¢0 2117.096
119,856 11€.639 114.842
118.547 106.803 105.056
105,327 103.587 101.848
$91.852 100.122 95,394

IN.737 84.15F  35.5¢%
€2.253 £1.529 6£.382

124.489
122,008
129 618
118.825
116.599

183

Continued.

122.72¢
121.226
118.231
117.&1?
114.781

129.970
119.446
117.042

S 115.213

112.964
101.564

109.27%

$2.821

©36.630

23.206
%1.851

R2.66¢

T 119.210

117.666
115.254
113.497
111.146

t)Ge.Ti0 .

107.415
¥8.907%
$4.830
91.477
£C.323
63.428

117.451
115.886
112.45¢

111.6v2

109.329

167.87%
105.553
36.341
93.151
89.743
76.75¢

60,192

)

Rl

tliia‘




184

Start-Up Precess with Witer Coclant . .
(P=3500 KPa, Re=6167).

{LECTROUE TEMPERATURL DISTRIBUTIGH
STARTING TIME = 10.00

ENCING TIME = 20.00

AVERAGE TEMPERATURE = 48.874
PRESURE= 1500.0 KPa

JEYNCLT'S NUMBERe D.61570E+04¢
CO2LANT WATER

24,058 63.13% 62.232 61.469 6GC.506 $9.742 £8.87S S8.01¢ 57.1¢S3
£2.330 €1.45% 60.5600 . 59.735 58.870 $8.205 57.140 $6.271¢ 55.40¢
£3.497 5¢.631 56.76% §7.900 ~ 57.034 S6.168 §5.302 $4.436 $3.579
$8.7235 $7.856 56.983 $6.121 55.253 $4.386 53.519 52.651 51.78
54.913 §6.944 55.175 §4.307 53.438 52.57¢ 51.791 50.833 49.964
3.y 54.299 £3.428 - 52.557 51 £86 50.3:5 42.914 49.07¢ 43;30

2Y.38¢ £2.413 €1.542 $0.671 49.239%¢ 49.92 45, 05¢ 47.187 46,315 . .
0.961 42.999 49.13%  48.275 47.413 45 .55 45.58¢ 44.827 §3.9€3
i8.9¢2 §{8.09¢9 47.23% 46.376 45.514 44.651] 43;79i 42.929 42.068
47.043 46 .1R0 45.319 44.458 43.558 42.737 41.376 43.015  40.153

e

R R I 12.597 42 .751 42.3793 41,026 49.209 39.362 22.51¢% 27.660

<) w34 40,247 33.356 38.512 37.83¢ e.ep? 36.3€% 3S.zE8 34.c41

ELECTRODE TENMPERATURE DISTRIBUTION
STARTING TIME = 20.00

ENCING TIME « 30.00

AVERAGE TEMPERATURE = 55.121
PRESURE= 3500.0 KPa

REYNOLD'S NUMBER= 0.51670E+04
COOLANT:WATER

g

12.419 71.435 70.459 69.484 68.508 67.532 £66.557 65.581 64.606
70,614 69.6€34 68.654 67.674° 66.693 65.713 64.733 63.7S3 62.773
€3.5990 67.609 66.627 65.645 64.564 63.682 62.700 61.719 60.737
46.697 n5.712 64.7:6 §3.741 62.75¢ 51.771 €94.73S 59.800 $8.31:Z
€4 720 €3.732 62.744 61.757 60.789 £9.782 56.794 §7.806 56.816
62.89s8 61.90S 60.912 $9.92¢0 $8.927 57.9134 56.941 55.548 54.9é§
60.782 $9.788 58.794 $7.801 $6.807 55.814 54.820 53.827 $2.833

7.422 56.448 55.475 54.502 53.529 5$2.553 51.582 $0.609 49.53¢




-
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Table V. Continued.

56.273 $3.301 52.32¢9 S:.357
02 52.057 Sa .83 SG.11% 43.1-¢€
3 45.534

7
42.800 41.932 41.063 4n.135

CLECTROCE TENPEZRATURE OISTRIBUTION
STARTING TIME ~ 30.00

ENDING TIME = 49.00

AVERAGE TEMPERATURE = 62.536 )
PRESURE= 3500.0 XPa

REYNOLD*S NUMBER=- 0.61670E+04
COOLANT :WATER .

L334 81.224 80.115 79.006 77.896

00.454 29,137 78.22% 77.104 7£.987
~8.208 77.088 3-8 o 74.830 73.731

i6.177 73.0¢1 72.926 72.351 71.87¢

4

.003 72.873 71.744 7J.61¢ §9.48%5

12.095 70.358 . s59.820 68.682 67.544

o9

54
a6

24
2
[ 3]
57

.738 53.536 £7.456 66.316 65.17¢

S U4 £4.299  g2.3912 £1.86¢C 6C.783

-559 §1.5%6 §0.433 39.38% 33.2¢6
122 §9.022 57.%22 56.822 £5.721
-989 53.932 5$2.885 51.837 50.789
.831 45.990 44.963 44.038° 43.107

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TINE = 40.¢C

ENCING TIME = 30.00

AVERAGE TEMPERATURE = 71.369"
PRESURE= 35G0.0 Kpa

REYNOLD'S NUMBER= 0.61670E+04
COOLANT: WATER

\J67 92,89  91.53u  90.361 89.092
-187 90.90e 89.628 B8.349 87.059
682 88.398 87.115 85.831 84.548
491 85.198  84.906 83.614 82.321

S5¢.38¢
t6. 7€
44.555%

iv.327

87.824
85.790
83.264
81.929

r
-]
n
'
Wi

-
-t
>
L9
o>
S

43.656
28.459

75.678
73.754
71,495
69.435
AT7.226
65.258

£2.897

86.55%
84.5i0
81.981
79.737

85.23¢
831.232
80.697
78.444

o>

<4
"
"
m

[N
ur
.
gl
w

84.017
81.951
79.414¢

77,182
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able V. Cocntinued

R 23.780 R2.405 g1.23¢ 7
c8e 81.774 8C.4¢3 75%.i51 !
L4%e 7%.182 77.843 76.528 7
457 73.L0E 1:1.€4%8 7¢.682 @
$T1 73.312 6%.0952 $7.733 6
SEl 67.307 66.052 64.798 6
574 €0.572 53,328 Se.15¢C 5
$13 {9 511 43.596 37.502 4
ELZCTRCDE TEMPERATURE DISTRIBUTION

STARTING TIME = 50. 00
CNDING TIME = £3.920
AVERACE TEMPERAVURE =
PPESURE~ 350C.0 KFa
PEYNGLD S NURSER= 0.61
CICLANT:IWATEE

33.136 106.876 105.41¢
106,334 104,739 103.085
22,221 i01.942 190.463
Ul.Ow 29,3858 98,062
$6.356 56.83% 25.354

96.267 94.747 93.227

%3.404 91.877 90.350
85.546 34.056 B2.646
82,152 88,125 79.280
73.833  7°.206  15.761
69.583  58.257 66.931
54.804 53.715 52.625

ELECTRODE TEMPERATURE
STARTING TIME = 60.00
ENDING TIME = 70.00
AVERAGLE TEMPZRATURE =
PRESURE= 3500.0 KPa
REYNOLD'S NUMBER= 0.61
COOLANT : WATER

21.922

186

103.957 102.4397
101.81¢ ‘105.336
98.963  97.59

5g.€7¢ 2% 572
e1.853  92.3%2
91.708 90.188
$6.823 87.297
81.196 79.746
77.824  76.288
74.322  72.983
65.605 64.219
$1.536 50.446

DISTRIBUTION

94.613

670E+04

.
m
"
o
W

w o o ~} ~!
~N w <3 w [

. . . . . .
15 ~ [ 24 ® w
o - [V Y ) ~N
-3 ~» W ~1 @

(V1]
3
0
w0

~
w
&
F]
£

©101,G3%

98.861
35.2232
ax.534¢
90.851
88.668
85.779
78.297
74.942
71.444
62.953
49.357

97.391
75.216
72.%81
56.897

64.914

99.578
97.287
94.342
$2.092
89.350

87.149.

84.243
76.847
73.496
70.005
61.627
48.267

715.3%%

]

73.908
71.2€6
25.€37

62.7¢

W

$9.780
§3.449
43.485

98.118
95.912
92,052
en.csge
87.84¢
85.629
82.716
75.397
72.050
68.56%
60.301
47.178
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v4.830
0.721

1M.952

€3.801

123.679

[ ]
[ ~
o [
N
[~
0

tv
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n
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11 24
112.582
110,270
07,237

7.164

“
™

w0

3.223
39.061
77.448

58.614

Centinued.

120.301
117.991
114.798
112.157
109.092
1€6.830
103.693
93 814
89.981
85.741
74.439

56.23%

137

118.612
116.262
113.082
110.423
107.348
105.060
Joi.v1c
97.133
8g.211
84.031
72.934
£5.347

115.923
124.573
111.365
108.699
105.693
103.29¢0
103.i2¢
9C. 442

115.234¢
112.864
109.64A
106.356
103.8s8
101.51y
92.335
ag.rag
84.87;
80.761
69.92%
£2.€€3

113.545 113.g::
111.156 $03.¢45
107.921 19¢.2:%
105.223  i03.ces
102.1313 - 199.3¢8¢.
29.749 91 37¢
Y6.563  94.780
87.1132 85.42¢
£3.201 £1.83:
79.100  77.44:
68.429 6?.515

S1.401 32.23%2

ORIGINAL PAGE IS
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€LFITRODE TEMPLFATURE DISTRIBUTION
cTARTING TINE =~ 10.90

ENDING TIME - 29.00

AJERAGE TEMPERATURE = 39.8Y4
FRYSURES ¢.¢ %XpPa

FEYNOLO'S NUMBLE= C.61670E+04
PONLANT i WATER

g:.a20 52.095 S1.370 S0.645  49.921
c1.207 50.570  49.843  49.117  ¢8.399
vo A3 49.§35 40,231 47.§31  $6.7J7
en.123  47.395  45.866  45.936  45.209
46.530  45.80%  45.071  44.342 43,612
<1.962 44.261  43.530- d2.798 42 057
13.%sA  €7.60%  $1.375 41343 40.4:%
¢1.247  40.523  38.799 39,075  3A.351
ye.c6s  38.858  38.135  37.411  36.597
37.90:  37.178  36.435  35.732  35.009
3u.53T  34.96C  34.251  33.543  32.872

KR I 32.060 33.374 3.9 22.0C8

<LECTRGDE TEMPERATURE DISTRIBUTION
STARTING TIME = 20.0C

ENDING TIME = 30.00

AVERAGE TEMPERATURE = 44.768
PRESURE= 0.0 KPa '
REYNOLD’S NUMBER= 0.51670E+04
COGLANT :WATER

$9.707 58.888 59.069 57.249 56.430
$8.114  57.291 56.467 S55.644 S54.821
$6.332 . $5.508 S4.634 53.859 ~ 53.03S
$4.657 53.830 53.003 52:175 51.348
52.913  S2.084 51.254 S50.42%  45.59%

€1.295  $0.461 49.627 48.794  47.960

49.436 48.601 17.767 46.932 45.098
46.563  45.750 44.933 44.115  43.298

188

49.196
47.564
45.05C
44.483
42.883
41.323
3:.682
37.627
35.9¢€4
34.28%
22.12¢

19.343

55.611
53.998
52.210
50.52C
48.766
47.126
45.263
42.491

48 .471
46.9317
43,323
43.75%
42.153%
40.6924
35.91€E
35.963
35.240
33.543
31.493

54.751
53.175
51.38¢
49.693
47.936
46.292
44.429
41 .6€3

47.74n
46.210
44.53%
43.02¢4
41.424
22 873

€

<.

~
fus
-

36.172
34.516
32.841
30.672

27.6857

$3.972
§2.352
50.561
48.665
47.197
45.453
43.5%4
40.816

ORIGINAL PASE IS
OF POOR™'QUALITY

Start-ip Pracess with Water Coolant .
(P=0 KPa, Re=ti67).

53.182
S1.5:%
49.737
48.C38
46.27%
44.628
42.76¢C

40.02¢
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A3
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AR

VA

b4
¢ T3¢ 41.909 41 094 40.%79 32485
33 =3 20,773 37.990 37.201  35.433
1€.%23 34.2¢84 23,458 32.720 31.35%7

ELECTROCE TEMPERATURE DISTRIBUTION

STARTING TIME « 30.00

CNCING TIME « 40.00

AVERAGE TZMPIRATUPE =~ 30,736

PRESUVRE 0.0 KFa

REYNOLD’S NUMB<TRe J.61670E+04

SOCLANT:WATER . N
4 890 $6.€32 66.02¢  65.085  &4.16>
%6.212  45.274 64.336 63.298 6€2.46U
64.232  63.292  52.352  61.412 €3.472
§2.425 61.481 60.538 33,391 S8.546
89.503  £2.554 Sa.606 57.557 56 . 709
2h.MET 57,81 S6.68% 53,933 8¢.%41
$1.708 85.761 54.%04  33.247  £i.a3g
£2.373  51.951  51.022 50.00% 49.166
$0.089 49,7€2 ca.bzs 47.809 46.982
€8.449  47.517  46.593  45.669  44.745
44.133 93,255 42 375 41.495  €0.613
37.442 36,650  15.379 35,097 34.315

[abie VI. Continuecd.

Tt sy 43 846 143.030 42,23 a1, 327

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIMZ = 40.00

ENDING TIME « 50.00

AVERAGE TEMPERATURE = §7.97%
::$:UR£- 0.0 KPa ’
~INOLD’S NUMBERe €.61570E+04
COOLAMT : WATER 157080

641 J6.382  75.516  74.451 73.385

’s.
M.

¥68 74,794 73.715  72.644  71.570
€55 72,577 71,498  I0.421  69.343

<L,
$98  70.613 69.527 68.442 67.356

.82

3z.s50

w
W

[
e
4

3,280

63,221
61.522
32,81
57.701

5L.780

<3

4

€aq

(L]
™

332
48.238
46 055
43.821
39.7358

33.523

72.320
70.495
£8.265
66.271

71.254
69.420
67.187
65.186

wm o o o
wn “f w0 -
. . . . .
X ”m U o> ()
1 & w ES [
e N ) Y

"
w

63

-n

it
5‘!’; . cl :_ .;
45,333
44.202
41.973
37 975
31.969

70.189
68.346
66.1C9
64.10C

3z.la:
36.20%
33.257
29.9281

69.122
67.271
65.031
63.01%

ORIGINAL PacE 1
OF POCRQUALITY
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Continued.

se %:in  38.4:0  §7.37% 66.289  63.198  ¢: 108  63.017  61.327 60.3i:

.~ 783 ng.657 65.55%6 §d.454 §3.353 £2.251 £1.150 60.04% 3B.745

38,452 64 347 €3.2313 62.138 61.033 iz.e2¢ £3.825 57.715 $5.6318
&0, 188 £2.313 €¥.271 €7.213 §6.153 £3.093 $4.032 $2.973 S1.313
2T aka 30 Af3 23.746 54.586 53.€30 52.572 $1.514 $9.457 49.3¢2
§%.240 54,286 53.133 $2.079 51.026 4¢.972 48.918 47.865 46.38::

9.5:¢ 48.523 47.536 46.549 45.5€1 £4.574 43.587 42.60¢ 41.%213
an.3as3 39.544 38.70. 27.857 37.014 36.172 35.327 34.484 33.£30

ELLCTRONE TEMPERATURE DISTRIBUTIUN
STARTING TIME = 50.00

ENDING TIME = 60.0C

AVERAGE TEMPLRATURE = 66.564
FRESURE= 3.0 Rea

HEYNOLD’S5 NUMBER= U 641570E+04
TOOLANT:WATER

A5.332 -18.104 85.878 85.652 84.427 83.201 81.97% 80.749 79.

th
]
™

87.423 £6.190 84.932 83.713 82.475 21.236 79.998 78.753 | 17,

34 £.2:1 v .96A 15,723 77.482 16,232 14,385

(L]
-
i)
&
€
)
“
m
w
)
(8]
]
L'

-3

7£.286 74.033 L.77¢

w
-
2y
.
o
da
o

82.236 £1.359 GO ¥ 047 171.33

o

v

<.

72.850 71.383 70.:2¢

e
-t
'
[
[
(=)

86_414 73.153 37.892 76.632 - 75.37
1¢.508 17.232 75.985 74.679 73.403 72.1?7 79.859 69.5712 68..9¢
13.969 714.68¢6 73.404 72.122 70.839 69.557 68.255 66.992 65.710
€3.376 G8.15¢ 56.944 65.723 64.505 €3.287 62.070 60.852 59.534
$6.42) 65.217 54.6002 €2.783 61.573 §3.359 59.145 $7.939 5€.71¢
63.3s0 62,151 69.9423 59.734 $8.526 §7.317 56.109 54.900 53.520
£5.857 54.743 53.630 §2.516 51.402 50.289 49.175 48.062 46.338
43.817 42.902 41.987 41.072 40.157 3¢.242 38.327 37.412 36.397

CLECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME = 60.30

ENDING TIME = 70.00

I.VERAGE TEMPERATURE « 75.874
PRESURE~ 0.0 xPa

REYNOLD'S NUMBER= 0.61679E+04
COOLANT :WATER

ORIGINAL, PASE 1S
F POORQUALITY
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Continued.
100.538  99.119
9¢.483 © 97.017
95.629  94.187
93.262  91.80%

. 90.549 - 89.975
95.480  86.594
35.692  84.135
77.343  75.936
73.908  72.596
70.306  68.311
60.851  $9.587
45.815  44.818

191

97.70¢
95.582
92.715
90.350
87.60°9
85.597
82.6935

T 74.829

71.133
§7.517
£8.324
43,813

96.262
94 147
91.303
86.894
5§_:44

73.122
69.701

94.832
%z.7.2
89.8567
87.438

e4.57¢

84.020 31.533

§1.291 - I X

71.71%

68.229

47.821 831.823

® O

i

23.445 92
91.277 83
88.420 8%
gs.c3? a1
£31.212, 2.
£1.047 7%,
N
in.308 63,
35.63€  53.4
£13.33%  €1l.
£4.532 &3
fin.Rzd 32
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5.4.2 shut-Down Process

The transient temperature distribution is exhibited by
Table I to Table XII for the same cases considered in the
previous section. Also, Figure 111 demonstrates the cﬁange
of the average electrode temperature as a function of time
during the considered shut down process. The average
transient decrease._in the avefage transient electrode
temperature was 4.665 *-10™ °c per Kpa. In addition, the
increase in the coolant mass flow rate was somewhat less
effective in rapidly .reducing _the transient electrode
temperature. Both of these negative behaviors of the
cooling system is due to the accumulation of heat and also
because the heat loss to the surrounding was eliminated
absolutely by the assumptions.

Considering the test results for the 0il coolant, the
temperature distribution for the considered examples are
denmonstrated by samble Table III and Table IV in the
Appendix. Figure 112 shows the average electrode
temperature decrease during a shut-down process. ‘The curves
that represent the different éaées'are closer to each other
and with higher incremental slope. The average temperature
differential during aTshut-down_procesé was 2.146 * 107

*c/KPpa.
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I TRANSIENT AVERAGE ELECTRODE TEMPERATURE
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Figure 111. Theoretical Transient Average El=ctrode Temperature During Shut-Downs
with Water Coolant. '
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" TRANSIENT AVERAGE ELECTRCDE TEMPERATURE

SHUT-DOWN PROCESS WITH OIL COOLANT

AVERAGE TEMPERATURE (DEG. C)

25

- THEORETICAL ANALYSIS

eeiee Rom iS5, P»3500 KPo
-~ ~ Re=15, P=C KPa
- .morau. P=3500 KPa

Re=47, P=0 KPa

" RemB80, P=3500 KPa
. Re=80, P=0 KPa

RESULTS

Y
.

Figure 112.

with 0il nooﬁwzﬁ.

1

T
R0

OPERATICN TIME (MIN.)

e ¢ ma—n o

-

OF POORQUALITY

ORIGINAL P

Theoretical Transient Average Electrode Temperature uring Shut- Downs

ey
=
X



Table VIT. Shut-Down Process with Water Cooiant
(P=3500 KPa, Re=1250).

ELECTHCODE TEMFERATURE DISTRISUTION
STARTING TTMS «120.00

ENDING TINE ~150.00

AVCRAGCE TEMPERATURE =181.319
PRESURE= 3500.0 XPa

REYNOLD'S NUMBERe 0.12S00E+04
CHOLANT:WATER .

197.164 195.912 194.660 193.405 192.157 190.955 189.653 JE8.402

i 1 ey
R I R

‘-

w

w

a

P

o

196.844 135.592 194.340 193.038 191.836 190.534 189.332 188.080 186.829
) ©94.435 191.196 191.943 190.697 189.450 188.204 186.957 185.711 184.46¢
% .
< $92.450 191.296 182.S62 188.71§ 187 475 126.231 184.9S7 183.74¢ 182.3:C
i -96.561 139.419 188.176 186.934 185.6%2 184.45¢ 163.208 151.966 180.722
' .88.874 187.531 186.393 1€5.132 2183.s7! 182.671 1231.430 '180.189 '174.949
197.093 185.854 184.615 183.776 182.737 180.698 179.€58 178.419 177.180
85.297 :84.07¢ 182.802 181.56% 180.327 179.090 177.652 176.615 175.374 )
53.515 182.277 31€1.04% 175.8505 179.57¢ 17 124 17i.6se 17:.862 173 é28
‘ 25.547 1¥5.517 172.270 175 042 175.8310 17 375 17¢.341 173.10€ i71les2
' 97.083 178.86% 177.626 176.352 175.159 173.325 172.651 171.458. 170.22¢
. .78.315 177.083 175.831 174.619 173.367 172.1S3 170.923 155.691 168.452 .
¥ : - :
s - ELECTROPE TEMPERATURS DISTRIBUTION )
= STARTING TINME =150.00
: ENDING TINE =150.39
. AVERAGE TEMPERATURE =167.140
N PAESURE= 3500.0 KPa -
ST REYNOLD’S NUMBEP= 0. 12500$+04
3 COOLANT : WATER
e
85.249 184.080 182.911 181.743 180.574 179.405 178.236 177.067 175.893
83.772 182.604 181.435 180.256 179.093 177.929 176.760 175.593 174.423
80.506 179.349 178.192 177.035 175.878 174.721 173.563 172.406 171.249

78.208 177.056 175.904 174.753 '173.601 .172.149 171.298 1?0.1}6 168.994 -
75.281_-175.133 173.984 172.836 171.687 170.539 159:%90 "168.242 167.093
74.359 173.214 172.069 170.923 169.77BN.16€.633 167;488 166°.342 i65.197
$3.451 171.309 170.167 169.025 167.883 166.74) 165.599 164.456 163.314
70.470 169.331 168.193 167.0S5 1565.916 164.772 163.639 162.501 161.362

GRIBINAL PasE IS
of POOR QUALITY
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EXTLIPPLINTTS NN L

IR

PRESURE=

COSLAMT :WFTEFR
179.96% 169.827
149,634 168,158
143,370 164.31C
182 735 151.743
160.740 139.4303
15.6<3 137.8S2
156.5¢9 135.631
“E9.5935 183.393
484.570 131,843
1€0.559 149.576
1406.977 137.9%7
245.97% 145.956

[
a
w
"
©
[ 25

b
e
Y
L
wn
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=
™
~N
.
[}
=
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166.32¢
164.450
162,618
160.926

Continued.

165.193
163.327
161.658
159.799

164.058
152.19¢
160.55%

©158.571

£LECTRCDE TEMPERATURE DISTRIBUTION
STARTING TIME =180.00
ENDING TIME =210.00

AVERAGS TEMPERATURE =152,461

3%00.0 KPa

REYNCLD' & NUNBER= D.125C0E+C4

168.749
167.378
153.250
156,691
158.646
156.569

154.594

T 152.471

159.51¢
142 553
146.936
114.941

167.670
165.229
162.190
159.639
157.538
155.566
153.535
151.338
149.487
147.53¢
145.916
143.925

148.460
146.587
144.895
142.910

ILCCTACDE TENPERATURE DISTRIBUTION

STARTING TIME «210.00

ENDING TIME =240.00
AVERAGE TEMPSRATURE =136.886

152.854
151.595
146.635

PRESURE= 3500.0 KPa :
REYNOLD’S NUMBER= 0.12500E+04
COOLANT :WATER

<33.803 154.820 133.837

‘64,543 153,561 152.578

-49.511  148.552 147.594

T46.712 142,764 144.816

143.867

151.871
150.612
145.877
142.919

1€2.922
161.062

189.427

1587.544

165.514
164.143

160.270
137,535
155.504
153.481
151,481
119.35«
147.432
145.464
143.875

-141.894

150.888
149.629
144.718
141.971

151.787

154.435
162.06%
159.610
156.482
154;457

152.438

150.443

1 348.342

14€.¢0S
144,462
'142.854
‘140.879

149.905
148.645
143.760
141.023

163.357
161.987
157.949
155.422
133.410
151.39%
IA;.‘DS

147,310

145,277

143,430

141.834
139.864

148.922
147.662
142.801
140.07S

LT
w W Ut
[ B ]
o m n
w W (3]
- u n

ey
Bl
»
>
L+

1

162.27¢
1€0.909
155.£69

184, 350

147 .415"

" 140.813

138.848

147.939
145.581
141,842
139.127

NAL PAGE 18
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Table VII. Continued.

.99 137.857 137 pus

S -

L12.55C 142.608 142.666 141.7I¢ 14C.787 139.84 14
§1 401 131,463 140.337 239.5¢C 138.€5% 337,724 124,784 13%5.053 34.51c
7

3 139.354 136.435 137.496 136.567 135.638 134.70% 133.
138,024 137.102 13€.180 135.259 134.337 233.415 132.493 13:.5°2 130.
25.989 135.073 134.157 133.24%1 132.325 331.4.0 130.43¢ 129.578 123.5€:
113 948 133.038 132.128 '131.218 130.309 159.399 126.€89 127.579 136.675 ‘ .
132364 131.457 130.550 129.544 1200737 127.030 126.923 126.017 125.115

.; ;f 130.280 129.380 128,480 127.580 126.580 125.763 124.89) 123.880 113.0%¢
f ¥ . . . .
X - ELECTRODE TEMPERATURE DISTRIBUTION

L ' STARTING TIME =240.00

i ; CNDING TIME =270.00

' AVERAGE TEMPERATURE «121.191 -

- & PRESURE~ 3300.0 &Pa

: RECSOLD'S NUMBER= 9.12306F+C2 ‘

COOLANT :WATER . :

§2 133.466 138.581 137.695 136.8;0 135.9%4 135.039 134.153 133.258

4 g 140.3

Y -

e, 119.237 138.322 137.436 326.551 3135.666 134.780 133.89% 133.010 132.12¢
> 23*.359 132.535 131.66¢ 120.629 139.973 129.312 125.263 127.¢08 125.5:7
SR . . .

£ 10,438 129.592 128.749 12 124,535 523.65:

7.9C07  127.064 125.221  135.378

¥
[
" .

2

1
4

126,199 127.364 126.528 .693 124.R36 124.023 123.186 12:.352 121.3:-
P35.981 125.154 124.326 123.499 122.67% 121.843 121.015 120.1e8 119.36:

+23.804 122.9e5 122.165 121.345 120.525 119.705 118.88S5 118.055 117.24%

Rk

$21.460 120.649 119.838 1109.027 118.216 117.104 316.593 11%.732 131.97:

Y

~15.383 129.534 117.730 116.975 116.172 :15.368 114.564 1313.750 112.8%¢

-

(g8

-37.211 115,515 1315.718 114.521 114.12¢ -113.328 112.531 131.734 110.237
-15.782 114.98¢ 114.196 113.403 112.610 111.817 -111.024 110,231 109.427
<13.569 112.374 112.08% 111.364 110.513 109.i33 108.948 108.163 1n7.337

ELECTROOE TEMPERATURE DISTRIBUTION

STARTING TIMZ =270.00 - .
ENDING TIME «300.90

AVERAGE TEMPERATURE =105.807

PRESURE= 3500.0 KPa

REYNOLD‘S NUMBZR- 0.12500E+04

COOLANT:WATER -

QORIGINAL prap g
oF PCORQUALITY



Table VII. Cuntinucd..

i24.146  222.355 122.963 121.761 127.993 1206.295 1165.416 118.€2¢
123.117 122.329 123.541 120.753 1i9.965 119.177 113.389 117.€0:
216,694 115.943 215,370 114 437 113 €33 112.932 112.179 1131.é&2s
i13.652 112.323 112.184 111.444 110.705 199.966 109.226 103.4§>
111.400 119.670 109.939 109.209 1$8.478 107.748 107.917 106.283

109.162 100.442 207.720 106.998 106.276 195.554 104.833 104.111
106,975 10€.233 105.550 104.837 104.123 103.410 102.697 101.984
v 106.605 105.902 103.199 102.436 101.792 101.089 100.386  99.5a2 .
g'g‘ 2 593.139 102.543 101.840 101.153 100.458  99.762  39.967 98.372 .?7.676
o 2 121 167 100 479 99.791  99.105  98.418 97.731  27.044 196.387  33.67¢
¥ - £9.711  95.026  98.345  97.661 96.978  96.295  95.612  94.929  54.248 ‘
3 97.5921  96.913  96.244  95.563  94.895 94.221 93.547 - 92.872  32.198

A ey

L.FCTRCSE TEMPERATURE DISTRIBUTION
STARTING TIME =30¢.00

INS1NS TIME «333.00 L ‘
AVIFAGE TEMPERATURE = S1.099: . : . -
?RESURE~ 3500.0 ZPa

REYNOLD’S NUMBER- 0.12530E+04

COOLANT: WATER

5
¥

CY.118 19€.418 !05.732 105.038 154.34%

nt
'

.09 .2892 104,557 ' 108.30% 187,33
O0.ETT108.264  107.581 201.698 1061205 10S.S11 1C4.918 194.125 1¢3.422
(U3.950 101.396 100.742 120.087  79.433 98.775  $8.125 $7.471  56.913
98.987  98.347 7.707 97.068 96.428 95.738 35.148 94.599  93.855
36.725 36,095 95,465  94.835  94.205 93.575  92.941 92.314  91.884
$3.356  93.87¢ 93,254 952634 92.013  91.392  90.771 96.151 9 830
33.32% 9{i7j§ $1.102  99.490 (.89.879  89.267  £C.636 88,044 . 67.433
89.959  49.358 8g.7:58 88.157 87.556 86.955 86.354 85.754  85.153
$7.932  87.340  86.747 | 85.155  85.563  84.971  84.379 83.787  83.194
; » 5.995  85.323  84.739 84.156 83.572 0£2.939 82.406 81.822 81.239
$7.540  83.961 #3.392 82.803 62.224 81.645 81.066 80,487 79.908
82473 81.902 3:.332  80.762 82.193 19.623  79.052  78.483 77.913

PV o BRI & 5 (0 ot S o § I O -

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =330.00

JRIGINAL, PEGE 16
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Tabie VITI,.

CNDING TIME =360.00
AVERAGE TEMPERATURE. =
FRZSUREs 3500.0 XPa

77.354

REYNOLD'S NUMBER= {.12S00E+04

CSCLANT :WATER

Continued.

P3.S1S 94.912  94.310 93 709 93.10¢
1,710 94.108  33.505 92.903 97.301
}7.504  86.943  86.382 a5.821  85.260
i.494  81.948  83.402 §2.856 g2.310
11.297  81.751  81.21% 80.670 8n.i42
30.417 75.531  79.06%  73.533  vs.012
"8.0:3  77.497 76.980 76.463 75,947
T5.714 75.208 74.703 74.197 73.69;‘
"3.763 73.172 72,975 72.279  71.782
TL.832 71.342 75.854 70.3s€ 65.878
“.563  70.086 s9.667 s9.119 €A . 525
‘8.593  6a.1:9 87.545  67.171  65.697

SLECTRODE TEMPERATURE DISTRIBUTION

STARTING TINME =360.00

INDING TINM:Z «330.00 :

AVERAGE TEMPERATURE = 64.732

E= 350C.0 x®a

BER= 0.12500C+04

-~ PRESUR
- REYNOLD’S NUM
& CCOLANT:WATER
; 2.035  31.519
%j .’1.3:5 ac.s1§
- 4044 73,565
"1.152  70.692
1: v "5.039 63 559
| 5.970  65.519
1.972 64,542
- 2.785 63,36
v 0.957 69.546
. $.139 53 934

80.995  23.482 75.964
80.390  79.783  79.:z¢68
73.994  72.620 72.14%
70.232  69.772 69,313
68.135  67.690  67.240
66.090  65.65¢  65.210
64.112  63.681 §3.25;
61.947  61.3528 6:.108
60.136  59.725 s9.315
58.336  $7.93¢ s57.533

52.502
91,698
84.699
81.764
79.606
7. 486
75.430
73.186
71:285
69,381

63.1¢82

§5.223

79.447
78.748
71.670
68.853
65.790
64.770
62.621
6¢.689

$8.904
Ts7.am

91.e39
31.096
84.133
81.213

79.¢70

76.550
7¢.913
72.689
7a.78a
58.993
67.€63
65.719

78.829
78 .221
71.19%
68.33%

§6.340

64.330
£2.399
60.270
S8.494
56.729

91.23§
90.434
83.577

£3.672

78.514

76.432

74.397

72.17%
70.201
58.¢15

1]

.183

.27

[- 13
~!

6

n
W

78.453
77.710 -

70.72:
67.933
£5.890

_63.890

59.850
£8.083
S6.328

9J.€634
£5.891
83.016
80.126
77.998'

7. 997"

73.830
71.660
69,594

~¢
~t

h

¢

£.702

<

o .
64.801
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Tabhle VII. Continued.

“.J9% 37,497 57.206 5¢.3403 56.405%

6139 55.760 55.372 54.984 54.59%5

CLECTHOOE TEMPERATURE DISTRIBUTION
STARTING TIME =390.00

ENOING TIME «120.09

AVERAGE TEMPERATURE = 53.512 |
PRESURE~ 3502.0 KP2

ARTYNGLD'S NCMBZRw 0.125002+04
COOLANT :WATER

€9.622 63.182 68.743  68.304  67.36%
£9.019 6R.581 $6.142  £7.703 €7.264
$1.830 51.434 61.037 60.641  60.245
$9.109 58.727 58.345 57.963 - 57.581

$7.126 56.754 S5.381 56.009° S5.€37

€3.191 54.629 S4.46&  S4.104 53, 74)
53.133  52.979 52.635 - 52.273.  51.920

$1.297 50.954 50.5.2 50.26% 49.927
49.613 49.275 49.945 48.611 48.277

17,944 47.615  47.293  4€.968  4s.§42

o~
L)
o
ta
wt

-~
n
.

n
L
L3

£€.927  44.609  44.797 43.934

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME «420.00 -

ENDING TIME =450.00 .
AVEFAGE TEMPERATURE = 43.602
PACSURE. 3500.9 KPa

ALYNOLD'S NUMBER~ C.12300Z+04
COOLANT :WATER

£9.386  59.018 57.650 57.281 56.913
£7.87¢  57.506 57.138. 56.770 -56.403
10.952  sp.625 50.299 49.972  49.5453
13.443 42.129 ¢7.816 47.503 «7.190
45.617  46.313 46.009  45.706  45.402
14.844  44.550  44.255  43.960 43.666

46.662 46.280  $I.335  45.627 .

56.06A
$4.208

§7.4325

. h6.625

59.3848
57.199
55.255

'53.379

51.587
43.524
47.943
46.31¢

56.54S
56.034
49.319
45.877
45.098
43.371

§5.61)

=3 822

6€.9386 -
. 66,385

59.452
56.817
S4.892
§3.91¢6
£1.213
49.242
17.608
45.99)
4 93«

4:.385

56.176.

55.666
48.992
16.564
44.79S
43.077

§5.547
€947
59.05%

56.435

54.520
52.654
50.850
4a.899
47.274
45.66¢
44.573

d3lee7

$5.803
55.2958

48.666

46.251
44.491
42.782

55.43¢
54.930
48.339
45.838
44.187

42.488




Continued.

201

12.577. 42.29) - 42,005 11.720  4:1.e3¢  41.3142 20 ge:
10.781  49.4%6 2.199  39.914  39.633 33.3331 3y.08°
o T 19773 39.505  39.236  36.970  38.70%  38.414  36.1€6  37.296  3°.£3
;h x 38.273  33.013  37.753  37.433  37.233  35.973 . 36.713  36.453  36.e2 )
i3 3 ;‘ 13377 37.121  35.865  35.609 ,36.153  35.097  35.841  35.585  35.12¢
?ﬁ ‘ 'S 366 35.618  35.3T1  25.123, 94.375  34.827  34.375 “Ie.122  32.88¢ .
‘ '. B ’ ELECTRIODE TEMPERATURE DISTRIBUTION
T - STARTING TIME «450.00
5 3 ENOING TIHE =489.30 ) ‘
< AVIAACGE TCMEFIPATURS = 25.047
PRISURE= 3500.C XPa
- 5 REYNOLD’S NUMALR= c i2500E+G4
= . COOLANT : SATER L - T
N30 40,079 47.773 47,468 47.163  46.858  46.551  4S5.247  15.24:
$TUSED IT.E42 47.343 47.038 45.133 45438 06.123  az.815  es.:13
t1.25 31,170 49.904  47.63%  <u.373 s6.107 3s.642 29,574 3.310
9.1€6  38.912  38.659  38.406  ¥.453  37.900  37.647 37.204 37.341
37.517  37.273  37.028  36.784  36.539  36.295 36051 35,806 35.542
1£.923 35.648  35.452  35.21%  34.930  34.744  34.508  34.272 34.036
31407 240379 339851 33.721 33.495  33.268  33.040  32.812  32.384
33780 32.551 32.313  32.094  3:.875  31.€5¢  31.438 31,219 31.000
1.406 31054’ 33.903  30.771  30.580  30.348 30,137 29.925  29.714
19.084  29.880 29.675 29.471 29.267 29.063 29.858 23.654  28.450
19.313° 29.112  28.911  28.710- 28.510 28.309 28.108 27.907  21.70°
27.989  27.795  27.602  27.409 .27.215 27.022 26.826  26.635  26.44:

(JE!!EH?!‘!!. F%&Si!! iS
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Table VIII.

£LECTREDE TEMPERATURE DISTRIBUTION
STAPTING TIME -«120.00
ENDING TIME «150.00

AVERAGE TEMPERATURE =171.318
PRESUFE~
REYNOLD’S NUMBER=~ 0.12S00E+04
COOLANT :WATER

157.710

182 342

187.910
166.025
183.354
181.083
176.9392
176.917
174.842
172.73%
170.879
168.621
i66.668
154.500

0.0 KPa

135.851
181.367
182.301
180.031
177.948
175.868
173.79%
171.689
.169.834
167.577

155,625

i€3.55%

185.73%
183.909
181.247
173.980
176.8%5
174.819

- 1%¢.747

170.643
168.589
186.53!
164.582

L£2.817

184.735

182.352
180.194
177.929
175.543
173.771%
171,70v
159.597
167.545
155.490
163.539
16i.476

.

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME «150.00
ENCING TIME «180.00

AVERAGE TEMPERATURE «158.211)

PAESUREw 0.0 Kra

REYNOLD’S NUNBERe (.12500E+04

COCLAMNT :WATER
-T8.428 175,440 174.452 173.464
~74.661 173.673 172.685 171.697
*71.197  170.219 189.240 168.262
-$8.655  167.682 166.708 1€5.735
46 469 165.498 164.527 183.557
-64.209  163.321 162.353 .161.385
-€2.135  161.159 160.194 159.228
¥9.893 158.931 :57.968 157.006

162.58S
169.417
158.263
156 .044

c“zggﬁﬁei?f’
of POOR

183.677 .

1€1.793
179.140
176.873
174.79§
172.732
179.552

i68.5%51

.165.503
154.447

1€2.496

166,435

-171.488

169.721
166.306
163.788
161.615

- 159.449

157.297
155.081

182.618
150,73
173.08¢
175.82¢
3173.74¢

17:.672

-162.605
167.395

.165.455

163.4904
161.454
152.392

170.500

168.733
165.323
152.38:4
160.644
158.481
156.332
154.119

1e1.5¢2
179.3%¢€
177.033
174.775

- 172,698

170.625

168.558
166.460
154.412

162.360 .
157,411

18.352

162.512
167.745
164.350

161.841.
.159.673

157.513
155.367
153.157

Rt

Shut-Down Process with Water‘Cooiant
{(F=0 KPa, Re=1250).

.89.54z
179.€16
175.97¢

173.724

162.36¢€
261.317
159. 368
157.312

158.524
166.757
183.372

166.367

158.733.
156.544
154.401
152.19¢




Table VIII.

Continued.

203

.v:."6c 155.8G8 153.B4E 154.88% 153.22y 152,969 52 CO¥ 1S51.03§ 159.92%
.i1.e40 151 683 153.726 152.768 15:.81. 150.65¢ 143.827 148.940 147.36:
.+3.73¢ 152.774 151.818 150.862 149.907 148.951 147.995 147.0]9 146.06:
.11 €83 150.630 149.677 148.724 147.771 146.818 145.855 144.912 1i3.9:¢
y ELESTRODE TEMPERATURE DISTRIBUTION )
“a STARTING TIME =180.00 o
L5 ENDING TIME =210.00
- C AYFRAGE TEMPZRATURE =144.065
- ’ PRESURE= 6.9 K®a
¥ ACYNOLD'S NUMBER= 0.i2500E+04 .
3 COULANT : HATER X
) 162.767° 161.856 160.944 180.033 159.121 2158.210 157.298 15§.367 185.47%
S 162.129 156.217 159.305  1SE.394 3157.483 155.571 L1S5.660 154.749 153.83
{é 16,841 155.945 155.049 154.153 1€3.257 152.261 151.465 15C.565 143.672
i 174.069 253.180 152.291 1S1.401.-153.512 145.623 148.733 147.944 146.363
A
=¥ 1£,.753 150.908 150.023 149.133 148.252 147.367 146.482 145.597 144.7iL
A 145.528  148.647 147.7€6 146.805 145.004 145.122 144.241 143.360 142.43¢
€7.287 146.410 :145.333 14¢.656 142.77? 142.902 142.0I15 1é1.14E 242.272
164,946 143.074 143.70% 147.12¢ 141.457 i4c.585 126 712 ‘11s.84b 137.¢6"
ie7.748  141.8%5 141.031 146.182 132.264 138.425 137.857 136.945 133.€1F
149,586 139.722 136.857 137.993 137.128 136.263 135.3%9 134.534 133.679
136.734  137.871 137.009 136.146 135.283 134.421 133.558 132.696 131.832
L315.526 135.668 134.809 .133.951 133.093 132.234 131.376 130;517 129,632
ELESTROOE TEM:ERATUEE DXSTRIEUTION
STARTING TIME «215.00 .
ENDING TIME =240.00
AVERAGZ TEMPERATURE =129.358
PRESURE= 0.0 XPa
REYNOLD'S NUMBEW= 0.12500E«04
COOLAIT:WATER
-€8.304 147.553 145.722 345.891 145.C60 344.229 143.398 142.567 141.73°%
-45.881  146.u50 145.219 144.389 143.558 142.727 141.896¢ 141.065 140.23%
-41.830 140.789 140.17¢ 139.359 117.72@ 118 810 12€ 373 12€ e

138.559
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Table VIIIT.

135.708
133.336
13:.897
128.641}
126.478
12¢4.273
122.4256
120.2¢€2

134.512
132.595
130.312
127.902

5.794
123.564
121.730
119,353

Continued.

124.218
131.804
129,527
127.123
124.930

122.735 .

120.963

il3.738

132,320
131.014
1i!.741
126.343
124.15¢
121.966
120.197

117.977

ELECTRYOE TEMPERATURE DISTRIBUTION
STARTING TIME =240.00
ENDING TIME =270.030

AVERAGE TEMPERATURE =114.52¢€
PRESURE=
REYROLYD’S NUMBER= §.!2500E+04
COOLANT.WATER .

]
w

)

12.2%

‘II

126,514
133.344
.21.063
119,708
-16.391

212.9%:24

Ll1.ms
.08.512
37,822
.C5.%81

-
b
(8]
.

0
(X]
w

s
w
e
.

L
[
~

e
'h
[

-

2
3

&)

129.357
118.205
113.€95
i13.238
111.838
108.819
107,151
104.918

0.9 KFa

122.018
119.651
117.396
115.005
112.553
110.35%9
108.163
106.480
104.254

-
(n}
[y
.
Bt foe
~
9 W

(]

o]
b
™

24

[,

e
Na
&
.

v

12 0§

'
L.

118.945

116.607
114.311
111.8€7
109.679
167.492

105.810

132 590

130.674
122,312
3¢1.€335

120.59%4

118.239

115.927
133.618
113.181
198.999
105.818
195.140

1102.926

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME «270.00
ENDING TIME =3C0.09
AVERAGE TEMPERATURE =100.006
:::sun:.
YNOLD’S NUMBER= 0.12500E+04
COOLANT:WATER

0.0 KPa

130.223
127.956
125.564
123.381
121.197

117.533

115.208
112.925
110.496
108.320
106.145
104.469
102.262

i31.72¢8

129.432

127.17:
124.78%
122.607

120.428,

118.564
116.456

129.177

157.81%

107.640
105.474
103.799
101.599

139.932
12@.612
;25.385
124.006

121.833 .

119.659
117.893
113.69%

128.429

127.067
121.65¢
116.455

116.121

113.809
111.519
109.124
106.960
104.798
103.128
100.935

mc:m% PR 2 w3
ROTRIA

?1

-
("]
<
0

m (2

[T} w

LA o

125.

123.227
121.05§
119.82¢
117.131
11¢.93¢

113.105
110.34¢
108.425
106.28%
104.124
102.433
100.271

(2




Table VIII.

aps 110,355

T.762 117.09¢

un

£:1.392 119.7%

n

1246272 107.64
$9%5.8%0 105.272
n3.539 102.929

fea

101 241 100.532
$8.775  98.180
96 606  96.319
94.4¢L  93.860
91.855  92.277
90.655  90.086

STARTING TIME

PRESURE=~ 0

COOLANT :WATER

.04.65% 104.075
103,873 102.948
95.787  96.234
33.e81  93.14C
91.342  90.303
85.038 RE.513
86.796 85.27¢
84.377 83.87¢
82.283 @:1.782
80.195  79.702
78.723  78.218
76.620  76.129

STARTING TINME

205

113,226
115.0327
108.848
105.779

104.419

101.098
98.829

95.397
54.255
$2.117
90.545

Continued.
117 682 11§.9386
116.429 115.7s3
110.119 109.482
107.C20 106.39%
104.655 104.037
102.318 101.708
100,035 99.432
97.586  96.991

.95.431 34.843
93.27% 92.698
91.700 91.123
89.51§

ELECTRODE TENBERATURE

=300.90

ENDING TIME =330.00
AVERAGE TEMPERATURE = 36.112

0 XPa

ar.94¢

88.376

T1ISTALBUTICON

REYNOLD'S NUM3ER= G.123QCFR+04

103.487, 1062.904 - 102.315

102.402
95.681
92.599
96.276
87.989
as5.762
83.362

81.281

79.209
77.749

75.647

=330.00

i01.816 101.229

95.128
92.05¢
89.744
87.464
85.245
82.854
80.781
78.715
77,259
75.165

94.575
91.518
89.211
86.939
84.729
82.346
80.280
78.222
76.170
74.684

ELECTRODE TEMPERATURZ DISTRIBUTION

1t

w

LE32
114.431
108.209
105,142

G2.802

100.488

1 98.226

$5.802
$31.€67
9..537
89.9638

87.82¢

181.729

100.644

94.022
$1.977
38.678
56.415
84.212
81.838
79.780
77.729
76.280

74.202

iis.927
113.7€5
107.373
104.329
192.164
199.878
,97.624

95.208

93.080

90.955
89.391
87.236

101.142
100.059
93.469

$0.436
38,146
35.850

€3.695
8i.331
79.279
77.236
75.791

13.720,

11,322

113.699

106.937
103 €33

101.567
99.268

97.021
54.613
92.492
90.575

85.913
86.666

100.556
59.473
92.916
83.€9¢
&

-3

3
[T
wr

£5.

w
™
e

83.173

80.323

78.779
25,743

75.361 °

73.239



Table VIII.

L inNG TIME

JERNGE TEMPERATURE =
PLESURE=
KEYNDILD'S NUMBERe 0.12500E+04
COOLANT :WATER

-322 GO

0.0 KPa

ELZZTRAONE TEMPERATURE
STARTING TIME «3§0.00
FNDING TIME «350.00

AVERAGE TEMPERATURE = 61.251
PRESURE=

REYNOLD'S NUMBER=

COOLANT :WATER

78,129
77.302
10,228
€7.318
€3.196
$3.102
€1.082
38.830
$7.041
€5.207

77.651
76.865
59.824
66.949
64.913
62.730
60.718
58.53%
56.6?4
54.868

73,128

83.438

206

Continucd.

85.944 83.929
88.996  83.487 67.978
82.042 81.538 81.094
79.c42  .7e.561  78.119
~6.300 75.34i ‘ 35.894
74.600  74.158  73.711
72.468  12.032  71.595
70.161 69 733 62.307
$8.19C 67.770 67.250
5€.230  $5.817  85.403
64.699  64.491  63.082
62.916 62.513 2,115
DIETEINUTINN
0.9 KPa
0.12500E+04

17.252 - 76.816 - 76.378

| 76.427  75.990 75.553
§9.422 69.021 68.620
66.561 66.172  65.783
64.436 64.055 63.675
62.354 61.385 61.615
50.354  59.990 59.627
58.181 57.827 57.472
56.347 56.000 55.653
54.528  S4.189  $3.849

71.153
62 .875

sc.930

54.992
63.674
61.715

75.941

75.116

68.219
65.395
§3.295
51.243
59.263

57.118
" 55,306

53.510

87.910
RE.953

6C.145

. 77.19%96

74.983
72.821
T2

'§6.4%2

§6.5%10

54.5%0
83.265°

51.314

75.803
74.678
67.817
65.006
62.915
60.271
58.89?

56.763
| 54.959
83,170

87.401
86.450
79.671
76.734
74.53%
72.376

" 70.285
68 024

65.090

64.1682
'§2.856
50.913

75.066
74.24i
67.416
64.617
62.535
60.499
58.53%
56.409
54.612
52.831
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Table VII1. Centinued.

d.00 $3.671 %4 353 3,000 £I.66% 82,325 S1.26)  2i.63& 5o .as:
57 £,.829  51.n0} §1.i%73  52.843  fu.%1 £0.19C 2%5.563  35.83:

CLECTRANDE TEMPERATURE DISTRISUTION
STARTING TINE =390.00

THNDING TinC «920.00

AVERAGE TEMFEFATURE = 50.602

i e B

FRESURE= 9.0 XPa
= REYNOLD'S NUMEERa 0.12500E+94
* = C3OLANT:WATER ; :
. . |
: ~g.22 63.33%  £3.56¢  $5.192  64.821  £1.450. 64.C78  62.707 .€3.33€
; 63.597  65.226 64.855  64.484 64.111 631.742 . 63.372 63.006 6z.62¢
te.541  58.306 57.971  57.636 57.301 56.966 56.631  36.296  $3.95:
$3.940  £5.817  SS.295  S4.972  34.649 . 54.326 54.003° .53.680  53.327
53.545  £3.63L  53.317  53.#82  b5z.u€8  32.373 S2.058 S5i.714  5:.422
: £2.005 51,697  51.3F1  3U.6a%  50.770  S6.4T3  S0.165  (%.859  q9.8i:
50.23%  49.840  §9.542  49.243° 43.945  48.£46C 48348  48.6¢9  47.9%a
43.11¢  47.825  47.535  47.246 46.956 46.666  45.377 46,087  45.598
] #3126 48,142 48,361 45.378 45,296 £5.034  44.731  Ae.233  44.16%
i% 43.%579 €4 €82 46,306  432.93! c1.636  4r.3a1 43.106  4n.e1e
) F1.€37  4r.42%  43.1%3  J42.852  42.6)¢ 32.738  42.08¢ 41 Tes 41,523
',!: - . N . .
% 32.0i% 41,785 Q1,451 31.227  .40.962 23,835  40.428 40.17¢  29.906 -
o ‘ . . ‘
:g '
.,7.,1: tLEZTROLE TEMPERATURE DISTRIBUTION
g: STARTING TIME «120.690 .
5 ENCINC TIME =450.00 ’
2, AVERAGZ TEMPERATURL = 4).236
ES PRESUREe G.0 EpPa
=) PETNOLD' S NUMBER= {.12590E+04 . . N N
g COCLANT:WATZR : - :
:
£ . : . . S : ..
5 =5.506 55.295 s4.983 54.672 54.361 54.049 53.738 $3.426  53.11%

3.€05  s4.694 s4.382 S4.071 . £3.780 'S3.449  53.138  S2.827 52.51¢
334 42048 47.772 €7.496  47.220  45.944  46.66%  45.391  46.11
5-836  45.581  ¢5.315 45.052  44.787  44.533  44.258  43.993 43,729
$4:922  43.765  43.509 43.252 42.995 42.739 42.482  42.225 41.968
3.254 2.005  41.756  41.507 41.258 41.009  40.760  40.S11  40.262

OF POOR"QUALITY
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Table VIIT. _Continued.j

L 36.323 40.082 39.849 39.528

tar
W

357 37,118 3g.874 3e.632

.565  37.332  .37.052 36.86€ .

~4

38,731 38 498 38.265 38.032 37.798 3
17.218  36.992  35.765  36.539 36.3:2 36.086¢ 35.860 35.633  35.407

MRS TN g
“h (it e o

3

;N-: N 35,7272 35.503 35.289 35.059 33.850 34.630 34.410 34.190 33.971

8 o337 34.5er  34-375 34,138 33943 33725 33809 33.292. 33.076
35.317  33.108 32,098 32.689  32.479 32,270  32.06n  31.831  31.641

ELTCTYRCOE TEMPERATIRE DIZTIRIBUTION
SU2ETING TIME =45C.00

EADING TINE =495.00

AVERMGE TEHPERATURE = 33.1%1

PIESURE~ 0.9 xfa
REYNOLD'S NUMBER= 021:5092#0{
COCLANT :WATEPR
1 40,080 3 822 4 E€4 &£3.3906 {3,048 44.790 54,832 C 44,234 ¢2. Q¢
H i2.675  43.318  €5.080  41.831  ¢£.844 46,204 44033 43,771 4347
. 39.79e  39.074 28 842 35.625  36.400 38.176  37.981  37.727  37.302
;. 17.066 16.852 36.638  36.421 . 36.21C 35.956 35.782  35.569 35.3s3
3o (29 35.222  35.016 34.808 34.832  34.396 31.189 33.982  33.776
J3.849  32.649  33.450  33.250 . 33.051 32.851 32.652 32.4%2 32.253
32.347  33.184 31.861 3i.759 31.S7§  31.383  31.191  20.958  30.80¢

W

J0 716 3a.533  30.348  35.183 . 29.975  29.7%3 - 29.609  29.424  29.232
29.38%  29.209 29.031  28.852 28.673 28.494 25.31§ 28.137  27.958
20.08¢  27.911 27.739  17.566 - 27.393  27.220 27.048  26.875  26.7C2
27.297  27.128  26.958 26.788  26.618 .26.449 25.279  26.109 25.940
26.000  25.836 25.673 25.509 25.34¢  25.182  25.019  23.853  24.632

ORIGiH8). PAGE S
A® FOOR 'QUALITY
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IX.

Shut-hown Proces
(P=3509 KPa, . Re=

209

£LEITRUDL TEMPERATURE DISTRIBUTION
STARTING TIME «120.00
ENDING TINE «150.00

AVERAGE TEMPERATURE =168.220
PRESURFE= 1590.0 KPa
REYNCLD'3 NUMBER=~ 0.33210E-0C4

FOGLANT MATER

109.913
183.016€
ses.324
183.036
140.937
178.341
174,952
14,6310
170.559
170.487
.£8.82¢0

166,433

188.127
186.231
183.346%
181.262
179.165
177 971

174.9%84

196.344
184.445
181.768
179.488
177.393
175.302
172.247
171.190

-169.033

ELECTRODE TEMZFRATURE
STARTING TIME =150.00
ENDING TIME =180.00
AVERAGE TEMPERATURE =155.352
PRESURE~ 3500.0 Kra
REYNOLD'S WUMBER= 0.3321CE+04
COOLANT:WATER |

177.310
175.5831
172,047
<€9.4931
47,291
265.097
262,919
%0.674

175.643
173.864
170.397

161.290
159.050

173.975
172.197
168.746
166.205
164.014
161.830
153.661
157.426

184.555
182.659
179.992

177.714
175.531 -

173.532
171,249
169,235
167.279
155.204

.153.242

182.770
180.873

178.212
175.940

173.850
171.762
169.582

151,166 1392.409
oxs7nxau§;oﬁ
172.306 170.641
170.530 168.863
167.095. 165.445
164.562 -162.920
162.376 160.738
160.196 158.583
156.032 156.403
155.802 154.178

180.984

179.088
176.434

174.166

172.07¢8

169.933

167.914¢

165.205

163.744

ol L2
ur

«w [ 23
.

4 O
[

(] oy

22
U
-~

.
-
w
'S

168.974

167.195

163.734

161.277

15%.100
155.§23
154.773
1§2.554

179.193

177.302
174.656
;72.392
270.30;
165.223
166.}47

164.904¢

161.532
159.9:2

167.962Z

41
-

4G

rs .

167.308
165.529

. 162,144

159.634

157.4¢€1

155.29%

153.144

150.930

177.412
175.516
172.878
170.6186

148.524

166.453
164.379

1€2.27%
166.21¢
153.161

-

3
-

o

.2

©
™~

™

S

(O

»e

165.639
163.862
160.493
157.931
155.823
153.662
151.515
149.306

9

o

=
(4]
.3
n

1

-
“wn
)
W
~4
‘0
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153.677 152.057
151.547 143.934
124,33 148.620
147.458 145.8890
€L-CIXO0E TEMPERATULS L1STRIBUTION
- STARTIRG TIME =i40.00
: ENDING TIHS =21C.CO _
) AVERAGE TEM2ZDATURE =141.4¢4
. FRESURZ~ 3530.0 KFa
- REYNQLD'’S NUMBER=~ 0.33210E+24
COOLANT :WATE®
,??, ] 163,531 162.643 160.535 153.966 '157.428
161,931 163.393 158.855 157.318 155.780
$37.621 155.103 154.59%6 152.084 151.572
174,822 152.332 13:.02) 150,339 148.830
183,842 0 152.039 i99.835 148,931 149.367
" 180.264 148.777 147.290 145.803 144.3i§
'} 14A.C09 146.5337 145.049 143.569 142.089
’ TS ave 1a4.ie3 142.738 1¢1.238 135.76€
§93.3€% 191067 140.S231 LS DES LIT.ENC
1<1.260 139,829 136.35) 136.001 135.432
133.453 137.336 136.4$3 135.C€37 133.881
137.383 135.734 134.286 131.389

132.837

ELECTRODE TLMPERATURE DISTRIBUTICN
STARTING TINE =210 90 e
ENDING TIME =240.3¢C

AVERAGE TEMPIRATUREZ =127.023
*RESUPE= 3500.0 KPa

REYNOLD’S NUMBER= 0.33210E+04
COOLANT:WATIR

149.126 137.724 145.322 344.919 143:517

147,613 145.211 144.809 143.407 142.005

112.504 141.137 139.770 138.403 137.03S
138.183 136.831 '135.478

134.126

150,437
140,318
146.407

144.271

155.890
154.242
150.069
147.329
145.373
142.829
140.609
13¢.294
136.134
132,973

132.126
129.940

©142.115

140.603
133.668

132,773

148.8:8
14€.703

14q4.7¢2

142,683

154.352
152.704
148.547

14£.428

"343.%580

141.342
139.123
135.822

234,855

132.314

130.670

128.492

140.713
139.201%
134.201
131.421

147 635 14%8.523
144,327 142.83°
142.386 140.5¢:
139.655° 138.353
137.549 136.16%
135,350 133.8%°
133.25% 131.73
131.055 3139.%2¢

129.214 127.756

127.043 125.5%¢
139.310 327.9¢C8
137.799 135.397
132.934 132.567
129.058 128.71%

ORICINAL PARE 1S
OF POOR QUALITY
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Table IX. Continued(

CLT.17m 0 1.6.83¢ 134.491 133.148 131.88%
133.502 132.168 130.834 129.459

131.83%
S12.€28  121.204 123.879 128.S852 127.228
2310.993 128.778 127.463 126.:48 124.233

127.871 126 .5§5 125.269 -123.952 ©122.648
<:6_g47 124.351 123.053 121.755 120.458
123.850 122.564 121.271 119.978 118.684
1s1.€02 120.319 115.935 117,751 11€.4G7

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =240.00

ENDING TINME =270.0C

AVCRAGE TEMPERATURE =112.463
PPLSHRE~ 3500.0 KPa

REYNOLS’S NUMBZRe 0.33210£+04

COOLANT :WATER
134,237 123,074 J3I1.813 130.547 11¥.284

* L1760 127.9112

[

o

4

¢ 121.700 130,139

Ao
(K]
v
[t

12T.2¢3 125.822 324.703 123.4BR 122.254.
1

124.€55 122,833 121.650 12C€.148 =
r

L31.561 120.459 112.278 118.087 -116.295

119,285 1i8.139 116.928 115.748 114.5€7
216.961 115,792 114.62: . 113.452 112.283
114,481 113,322 3112.166- 111.603 3i09.852
112,252 111.115 109.%88 108.€31 107.574
1n.043 1us.soi 107.770 106.634 105.497

«00.242 107.211  106.079 -104.948 103.817"
106.989 104.9€9 103.849 102.729 101.609°

ELECTRODE TENPERATURE DISTRIBUTION
STARTING TIME =270.00 ’
ENDING TIME =300.00

AVERAGE TEMPERATURE = 98.202
PRESURE= 3500.0 KPa . .

REYNOLD’S NUMBER- 0.33210E+04
COOLANT :WATER

130,488 12§
128.165 126.3
125.903  124.578
123.518 122.2¢3

©121.340 120.023

119.160 117.8%3
117.391 116.938
115¥183 242839

~
14
[
[#]
-
w &
~

‘115,704 1:4.%12

113.387 112.20%
131.113  109.94¢
165.695  107.528
106.527 105.380
104.361 103.224
102.686 101.554
100.489 . 99.368

116.84Y

123.222
120.e83
118.723%
1i6.565
IIJ.ADS
112.61%

125.495
124.123
136 &€
115.€3¢
113.321
111.025
108.77¢
106.381

104.233:
-102.088

100.423
98.248

121.927
112.574
117.420
115.2¢7
113.512

111.332

n

»e
e
-
.

~

3

*

g

"~
s
[ X
o

a?

-
4o
=)

8s
124,436
112,130
109,846 .
197,594 .
195.224
193.6¢87
100.95;
99.292
97.128

ORICINAL, PARE 18
0F POORQUALITY
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-~ IX. Contivued.

1:5.45% 1i7.331 11f 287 115,082 113 @SR 112.824 111.709 110.58:
117,725 216 20 122.977 112 53 112.72¢ ili.€04 1iG.48¢ -49.33¢
1i0.671 182757 IIL.723 107,645 125575 195.501 106 4! (33,363
107 731 108.€37 105.642 104.%67 103.33) 3122.475 101.42% 10y, 36c
135,372 104.328 1€2.286 102.244 101.302 1090.156 $9.118  23.076

125.018 101.3S5 10C.959  99.930  93.900 97.871 96.843  9€.81;

$19i.737 100.720  99.702  93.685  97.668 - 96.650 95.633  94.616 931.598
99.257  98.254 37.251 96.248  95.244  $4.24) 93.238  92.235  v1.232
€:.076 96.08a 95.093  94.101  ©3.109 92.117 91.126 90.134 89.1é2
#4.329  §3.91S  32.328  S1.956  SU.970  89.998. €£9.01¢ £8.03§  R7.0Ss
3 303  $2.329 91.354  90.380 89.496  88.432 87.457 86.483  85.50¢
21.052  93.13C 09.168  88.207  87.245 . 86.283 B85.321 84.359  83.39¢

ILECTROZT TEMPERATURE DISTRIBUTION
STARTING TIAE «302.00
ENDING TIME «331).3)
AVERAGL TEMFLRATUEE = 82,561
PRESUPEa 25003.6 Kea '

: ] REYNOLD'’S NUMBER= 9.33210E+04

- CONLANT:WATER

Fix
RS .
: i POS.INZ 2040083 102.204 £22.21% 163.336 192.227  9S.24F  98.253  £7.270
i; %v €€.094° 163..01 362.113 19i.I2¢ I€0.133  2%.347 98.158  37.170  ¢5.18:
N R $7.268 96.334  9%.401  $4.468 93.535 92.602 91.663 26.735  g9.892
4145 93.232  92.320 91.407 99.495 £9.502 qe.cvb 87.7S7  86.84%
¥1.752  90.89¢ 83.935 43.096 88.197  87.298  36.359 ¢5.52C  94.60% -
19.4%  as.591 s7.70s 86.820 - 85.:935 85.94% 84.164 83.273 82.39:
$7.222  s6.34y  85.477 24.605 83.733 82.860 -81.988'A 81.115  80.24s
$4-790  83.533  83.076 82.219 8i.352 80.505 79.648 73.731 77.934
12.683  81.838 80.994 80.149 79.304 78.460 77.61S 76.770  75.92¢%
. 80.56¢  79.752  v5.913 78.087 . 77.255 76.423  75.30  14.15% 73.91¢6
¥ L 1 %103 4,287 37.456  3€.630  75.804 © 74.978 Ga.1s2 73.328 72.49¢
L& L 973 J6.iesr 15.353 T4.540 73.738 72.915 72.102  71.289  70.47¢
S _

:ttcrnoos TEMPERATURE DISTRIBUTION
TARTING TIME «330.00 ’ )

OReRWL PARE IS
r¥ POORQUALITY




COULANT: WATER
65.638  ©€6.011
€5.92%  65.298

. £4.923 58,367

. 34,217  5%.573

$4.212  33.6€1

€2..60  S1.743

, $3.138% 49.381
€3.342 47.861

7 €\ 652 46.173

,L | 44,1774 44 .3569
. «.998  #3.44%
42,221 41.776

$1.991  42.532 4

213

Continued.

€3.1123 52.568 2901 “2.42¢ s£¢.86a
$i.3%1 H0.748 32,195 42 uai 49.C38

€L ECTRNOE TEMPEXATURE DISTRIBUTION
STARTING TINME =300.09 .

INDING TIME =426.00

AVERAGE TEMPERATURE = 49.692
PRESURE~ 3300.0 XFPa

REYHOLD'S NUMBER~ 0.33210E+04

§5.325 . €1.758 64.131 62.505 52878
61.672  64.046 63.420 62.794 62.168
$7.802  $7.236 56.671 $5.106  55.540
35.128 S4.583 S4.038 53.493  52.948
52.151  S2.62C  $2.085 51.558  $1.027
51.225 59.708 S0.191 49.674  49.157
49.377  48.873  48.369  47.865  47.362
47.37%  46.883  46.393  45.906  45.437

45.698 45.222 44.745 44.263 42.792

44.045  43.580  43.116  42.652z  42.18%
.074  41.815  41.1S7

2
41.330 &0 _ 884 40.438 32.932 '32.543%

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =420.00 '
INDING TIME =459.00

AVERAGE TEMPERATURE = 40.496

PRESURE= 3500.0 KPa
:gztgzg::A:g:ssa- 0.33210E+04 .

$5.884  55.359 54.333 54.308 53.7@&_ $3.257 52.731
33.279  3¢.7s¢  54.229  $3.704  $53.179 . S2.€54  $52.129
18.564  42.098 47.632 47.166 ~46.701 46.235 45.769
46.073  45.626 45.180 44.733  44.286 43.8¢0  43.393
44.233  «3.806 43.373  42.940 42.507 42.073  41.640
42.462  ¢2.042 «1.622 41.200 49.781 40.361  39.94i

62.252
61.542
54.975
52.403
5C. 496

43 549

45.858

$2.206
51.604
45.303
42.947
41.207
39.521

$0.248

38,632

S1.680
s1.c7¢9
44.837
€2.500
40.774
39.10!

- ERIAL, PR
C¥ POORQUALITY
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Tahle IX. Continued.

[ Ll 40,272 39.943 13.54 39.123
yv. 923 28,527 58.133 37.754¢C 37.387
37.337 37.0117 36.635 36.25? 55:371
33.902 35.831 35.160 il.789 34.419

)4.576 34 610 24,2432 33.94a¢ 33.315

3).477 33.124 32.177¢ 32.417 32.063

ELECTRODE TEMPEPATURE DIS*RIBUTIGN
STARTING TIHNZ =150.00

ENDING TIME =130.00

AVERAGE TEMPERATURE = 32.635
PRCSURE= 2500.0 KPu
REYNOLD'S NUMBER= 0.33210£+404
COOLANT :WATER

46.220 45.875 15.429 45.004 44.569

45.803  45.368  44.933  44.498  44.063

e 49¢ 39.11% 38.735 38.387 37.978
37.250 36.883 36.5286 36.167 35.806

3€.604  35.25% 34.306  34.E56  *4.10G)
34.03%  23.673 23,342 33.0C%  32.439

32.565  32.18¢ 1.882  31.530 ° 31.205

w

"

30.868  30.556 30.24¢ 29.932  29.620,

29.30 29.230 28.928 28.626 20.325
28.220 27.329 27.637 27.348 27.054

27,429 27.143 26.85 26.570 26.284

-]

25.297 25.021

ul

«5.125% 25.849 25.57

44.133
43.628
37.599
3S 445

L

(<)

(]
\u
:ll

s
N
[y
~

.33
30.8%839

~29.308

28,013
26.763
25.997
22.745

[
"
.
[
'S
(<]

(]
o

wn
Do)
[=]

35.107
33.877
32.7684

31.3¢5

43.638

e Ww [N
Wt -3 w
. . . .
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A D w

[
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“w
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]
(e}
.

"
"
n

28.996
27.721
26.471
25.711
24.470

10,23 29.90%
z8.63a4 28.372
27.418  27.118
26.180  25.88¢
25.424  25.12¢
24.15¢  23.912

kg@ G T

?@‘fl‘i‘%




178,
177.

HEE'W

.o
tia

110,
189,
167,
RS,
SN
102,
1460.

\L,‘

LY N
165,
182,
.5,

14
.56

Tabie X.
(P=0 KPa,

Shut-Lown Pro

215

CLECTFACSE TEAPIRATUSL DUSTEIBUTION

STARTING TIMT ~3:0.06

CLOING TIME ~1585.00

AVSUARE TEMPLRZTURE wvihK5.4€67
YRESYARE= 0.0 ¥Fa

REYNOLO’S NUMBER= 0.332108-C%
COCLANT :WATER

$75 178.019 177.464 176.909

0¢S 176.459 175.89% 17S5.340

€35 174.134 173.58i 173.928

L7¢% 172,195 17i.812  172.092

985 170.434 159.883 169.332
225 168.674 168.12d4 167.574
471 166.971 1€5.372 183.8:2
C0S 185.137 J€4.585 164.039
348 1€3.420 152.8SI 162.364
208 161.661 161.113 160.%566
$55 160.022 159.47S 15£.928

919 155,273 AET F2T  LST7.1nC

163.781
167.024
1£5.272
163.451
161.735
262.019
158 381

13€.£3¢

CLECTRILE TEMFFAATURE DISTRIBUTION

STARTING TIME «150.00

ENDING TIME «186,.00

AVERAGE TEMPERATURE «152.804
PRESURE=~ 0.0 XPa

REYNOLD'S NUMBER= Q. 332105+04
COOLANY :WATER

724 156.20¢ 145.687 155.1¢é9

282 164.733 164.215 163.6397
172 161.658 161.145 160.632
963 159.452 138.941 158.430

.289._157.580_ 157.070 136.361

»220  155.712 155.204 154.536
I I N

.32,

365 153.858 153.352 152.845
444 151.939 151.435 150.930

154, 5685
163.178
160.119

157.920 -

18€.6%2

.154.1€3

152.339
159.425

1628.230
166.474
154.723

162.942

161.207
1s52.401
157.834

264.1432
162.660
159.606
157.409

.185.842

153.581

151.832

149.920

175.243
173.674
171.579

155.437

167.679

165.924
164.17a
1562.393
162.559
158.;24
137.287

185,341

153.614
162.142
159.093

_156.898
155.633

153.173
151.326
149.415

174.688
i73.119
170.817
J6R.336
167.128
@55.373

163.03%6
161.624
158.579
156.387
154.524
152.665

150.819

148.910

184,448
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Continueq.

143.517
147,796
135,181

134,340

ELECTRODE CTEMPERATURE

STARTING TIME «!80.00
ENDING TIME =210.00
AVZRAGE TEMPERATURE ~139%.137

PRESURF = 0.2 K2a

REYNOLD- S NUMBER= 0.23210£+0C4d

TOCLANT :WATER
132.8)5 153,337 152.853 152.350 151.902
152.448 151.970 151.492 151.014 150.536
142.573 148.103 147,633 147.183 146.692
143,129 (45.6S2 14S.1%%  144.72% 144 .262
144,152 143,687 143.2235 142.759 142.294¢
142,134 141,722 341.2%9 140.7%7 140.33S
14C€.238 139.777 139.317 138.8S7 1}5.397
138,194 137.73€ 137.279 13£.821 136.363
tYe. 07 235,843 135.3: 134 ¢35 134.48:
«24.4C8  133.95% 333.S01 133.043 132.59¢
152.826 132.37¢ 131.921 131.4%9 331;015
130.903 130.453 130.962 129.552 129.102

ELECTRCDE TEMPERATURE DISTRIBUTION

STARTING TIME =210.00 -

ENDING TPINME «240.00

AVERAGE TEMPERATURE =124.926

SRESURE- 3.0 EPa .

REYNOLD’5 NUMBER= 0.33210E+04

COOLANT :WATER
142,222 139.787 139.351 138.915 138.479
138.968 133.532 138.097 137.661 137.225
134,324 133,899 133.474 133.049 132.624
*31.691 133,271 130.850 130.430 130.010

216

149.113 143.610
147.234¢  245.792
142.680 445,278
143,843 142,340
DISTRICUTION

148.106
146.289

142.€40

151.424
150.057
1¢6.222
143.725
141.830
139.872
137.937
135.906
134.023
132,130
139.564

138.043

136.789
132.199
129.529

150.946
149.579
145,151
143.322

141.365

139.410

137.477-

135.448

137.607
136.353
131.774
129.169

147.059

- e
~ b
Lo
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o, ~
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[
n
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'
<

156.457
143.101
145.282
142.862
140.501.

.138.948

137.016
134.990

123

.
[

5
-

137.1m
135.917
131.349
i28.748

143.329
148.523
144,812

142,288

W
o

140.4
138. 485
136.53¢
134.533
137.632
132,782
123.206
127.300

136.73%
135.48i

130.924
128.328
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i
i
3

i
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STARTING TIME «270.00
ENDING TIME =300.00
AVERAGE TEMPERATURE =
PRESURE= a -
REYNOLD'’S NUMBER= 0.33210E+04
COOLANT : WATER

0.9 KP

217

hle X. Continied.
122.215 129.797 3128.379 127.362
171 126.737 126.342 125.927
5 158 i24.745 124 g]é 1.23.922
r3g  113.020 172.6%2 172.203  171.79%
[4:2Y 121.9064 1L20.858 12b.272 119.8654
347 119.144 118.746 118.337 117.934
014 117.612 117.246. 116.838 116.465
527 115.637 115.238 114.839 IIA.IJO
ELECTRODE TEMPARATURE D!STRIQUTZON
STARTING TIME «240.09
ENDING TIME =27€.Q3) ‘
AVERASE TEMFERATURFE «110.606
PRESURE= 0.0 XPa
REYNOLD'’S NUMBER= 0.33210E+04
COOLANT :WATER B
5.317 125.924 125.531 125.139' 124:746
2,178 124.785 124.392 124.000 123.€07
9.845 119.465 119.036 118.707 i18.328
i.u81 116.707 116.334 115.960 115.586"
4.9¢7 114.55S 114.228 113.838 1i3.487
.2.875 122.506 112.141 11i.774 311.407
10.820 110.456 110.093 1£9.72y  105.3C%
GB.‘l? 108.257 107.897 107.S3% .LO7L178
06.659 106.303 105.946 105.590 105.233
04.700 104.346 103.993 103.640 103.286
03.230 102.878 102.527 102.175 101.323
. .s1.233 10¢.885 100.536 100.188 99.840
ELECTRODE‘TEHPERATURE DISTRIBUTION

36.569

117.539
116.003

114.041

112.117

11,040

193.%02
106.818
164.877
102.?33
101.472

99.452

-
(]
(%)
.

(]
0
»

»e
=]
<
9
-1
-

1l%.e5

i

117.127
115.601

113.641

122.9€1
122.322
1i7.56%
il14.838
112.746
110,672
128.61386
105.459
104.520
102.586C
101.120

99.143

123.5¢8
122.42¢

117.1i9¢C

114,463
112.356
130,338
2108.3%7%
10€.09%
104.153
102.226
100.1759

98.793

r
™
[
w
e

118.242
116.32¢
114.797

112.843

167.9%2
105.73%
103.807
101.873
100.41¢

98.447

ORIGINAL PASE 18
OF FOCR QUALTY




£NDING TINE ~-160.G0

AVIAAGE TEMFERATURT «
3aESLRCw

FEYUCLD'S NUMEERS. G.

0.0 KP2

coe it tWATER

3%3.963
85.185
78.6815
75.844
T31.795
T1.782
69.831
¢7.708
45.90«
€3.108
42.918
81.093

85.69¢
84.898
18.367
75.602
73.557
71.549
69.602
67.184
65.684
63.8451
62.704
§9.8H3

8%.42°%

84.631

78.118-

75.355
73,319
71.316
§9.373
§7.289
§5.453
63.67%

§2.490°

60.673

T0.608

332108404

218

ELECT&OD: TSHPERAT&R: DISTRIZUTION

STARTING

TINI «360.30

ENDING TIME «290.00C
AVEFASE TENFERATURE » 53.132

PRESURE= 6.0 KPa
REYNOLD’S NUMBER=
COOLANT :WATER
73.831  73.60% 73.372
33.132  72.308  72.679
84,823  66.312 66.102
€3.867 63.663 63.459
€1.91¢  61.715 61.51S
$0.963  59.806 58.513
te.158 57,967 57.776
55.961 $5.775
54.276 © 54.094
52.603 §2.425

9.33210E+04

73.142
72.449
65.891
63.256
61.316

$9.417°

57.58%
$5.589
53.912
$2.247

72.913

'72.420
.65.681

63.052

61.116

£5.222
57.395
55.403
$3.730
52.069

34.627
83.829
77.372
74.632
72.608

70.515

68.686
€5.587
€4.303
£§3.026
61.347
£5.042

72.683
71.991
65.470
62.843
60.917
$9.027
57.204
55.217
53.548

§1.891°

B4.360
83.562
77.123
74.331
72.38€

'70.382

63.457
€5.363
64.582
62.810
€1.6322
$9.832

72.454
71.761
65.260
62.644
60.717

‘. $8.632

$7.013
55.031
53.366
51.7113

81.0¢3
83.295

76.874

"74.149

72.3231
70.149
68.227

-66.1328

72-i24
71.832
65.049
62.440

‘60.518

58.627

§6.822
.54.845

5§3.184
$1.53%

2% 1S
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51.175
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ELEZTRCOZ  TEMPERATURE DISTR;ﬁuTIO“
STARTING TIME =390.00

ENDING TIME =420.00

AVERAGE TEMPERATURE = 48.848%
PRESURE=~ 0.0 KPa

REYNOLD’3S NyMBER~ T£.33210%+04
COOLANT:WATER

43 €59 §2.465  62.270 €1.880
i:.064 61.86¢ 61.6174 S51.4B0  61.25%
£5.950 S5.374 55.198  55.022  54.847
23,957 52.868 $2.718  52.549  52.380
£:.230 51.096%  50.¢99  50.335  SC.579
19 433 45.289  49.12 46.957  4£.8a7
31,738 47,583 47.426 7.269  47.113
$5.873  45.721 45.569  45.417  45.265
€1.324  44.175 44.037  43.879  43.731
21.790 20645 12,801 42.357 42,212
11,836 43.693  &1.FF1  wi.4od  $1.266
<0.289 40,150 40.013 39.&73 ‘39;734

ELECTRODE TEM2ERATURE D!STﬁIBUTiON

STAXTING TIME =420.00

ENDING TIME =450.00

AVERAGE TEMPERATURE = 39.804

FRESURE:~ 0.0 rPa

REYNOLD’S NUMBER~ 0.33210E+J4

COJLANT :WATER
£2.5¢8 52,384 32.221 52.056 - S1.89%¢
£2.042 S1.878 S1.715  51.552 . S1.389
45.777  45.83z 45.487  45.342  45.197
€3.483  43.344 43.205 ~43.066 42.927
¢1.806 41.671 41.537 41.402  41.267
40.179  4p.048 39.918 39.787  39.656

62.975
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»
o
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$1.731
51.225
45.052
42.789
41.133
39.526

50.650

i8.3°°

51.568
51.062
44.907
42.650
40.598
39.395

$3.47¢

$6.803

61.29€
60.701
54.319
s1.871
£0.075

~
»
.

“w
rs
RS

»n
N
L
An
w

44.380S
43,285

r-] ral
rey N
. .
& -
- ~
(] X

X
0
'™
20

wn
[
wh

0
o

46.¢63:2

h Sp 1 & e
g 34
G Puu

¢ “\)ﬂ lif‘f‘

i3

uﬁuﬂ'




vable X.

2€.%33
34.159
33.329
31.945

3&.4¢32
Je.gla
35.414

34.043

(193

23.21

33.835

Continued.
a£.375  33.283
316,632 36 580
35.255  35.177
33.928  33.813
33.098  32.93%
31.725  31.615
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ELECTROOF TEMFERATURE DISTRIBUTION
STARTING <IilE =359.09
ENDING TINE «d4E0. oc

AVERAGE TEMPERATURE = 31
0.0 KPa

PRESURE=
REYNOLD'S NUMBER=~ 0.332105~Ji

COOLANT :WATER

26.850
26.135
24.92%

.9é<

43,138

4:.714

3,498

28.996

21,776

26.578
25.968

24.671

.30,394
28.899
27.682

. 26.487

"25.779
24.586
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25.512
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-Down Proces

NG TI%: .su [{}¢
.w r)cs TEMPERATURE =,.5% .28
PR.OFURE= 2500.0 KFe
RZYHNLD'S NUM3ER= C.£1S70E-C4
r.’jh ANT: WATETR

1€7.885 187.269 156.643
67.538 166.917 166.326 165.57% 165.055:
« 062 163.385 16I.767
! 2.965  161.451 160.834
; 251.531 160.213 153.299 159.683 159.067
152,353 152.14% 158.533 157.917 1£7.302
184.601 157.387 156.772 156.158 155.543
156.210 155.596 154.282 154.3€C9 153.755
154.46¢ 153.851 153.234 152.62% 152.012
152.715 152.104 131.492 156.889 150.260
'51.067 130.451 143.8¢D 143.378 148.51

1GD.3UE 149,635 14E.CA3T  14Y.474 146.%¢3

: , ELECTRODE TERFERATURZT DISTRIEUTTON
- STARTING TIME =159.00 :

- f ENDING TIME =18C.J0

AVERAGE TEMPERATURE «143.729

FRESURE= 3500.0 XPa

REYNCLD'S NUMBER= 0.61670E+04

COOLANT :WATER

157.903 157.323 15€.744 156.16i 155.584
156.413 155,833 155.253 154.674 154.094
15].40; 152.828 152.254 151.680 151.106
151.216 150.545S 150.074 149.503 143.932
139.3f€ 148,735 148.20% 147.640 147.070
147.486 145.922 146.250 145.782 145.214
145,636 145,070 144.503 143.937 143.37)
133,926 143.161 142.597 142:032 .141.4%8

221

t 5 with
{(P=3500 XPa, Re= :6167) .

166.022
164.4354
162.14§
16G.218
159.451
156.€87

154.92¢

153.142
151,460
145 .656

'148.005

14€.252

155.00¢
153.515
159.533
148.361

146.591

144.646
142.804
140.903

Water

165.402
163.513
161.531
159.601
157.835
156.072
154,315
152.528
15¢.787
149.044
147.393

4£.3541

154.425
152.935
149.959
147.790
145.933
144.078
142.238
146.339

Coniant
164.781  164.150
163.1%2 1£2.873
160.913 1&C.29%
15€.534 138.367
157.219 156.603
155.457 154.643
153,738 153.9¢86

131.915 151.30:
156,174 199,553
148.432 1¢7.818
145.731 145.169
143.536 144,41
152.846 153.26%
152.356 151.776
149.385 146.812
147.219 146.648

5.362 144.78:
143.510 142.942
141.672 141.10¢%
139.774  139.21°

ORIGINAL pacE g

POOR QuALITY
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Continued.

- €LZCTRONDE TEMPERATURE
= 5 STARTING TIHE =160.00
X ENDING TIME =210.00
2 AVERAGE TEMPERATURZ =130.877
PRESURE= 3560.0 KPa
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DISTRIBUTION

REUNNLD'S NUMRER= 9.51670E+04

- CCCLANT:WATER
«%.677 145.142 144.507 144.072 143.538
c4.294 143.759 142.225 142.690 142.155
:0.528 140.013 132.407 128.961 133.436
+8.1358 137.§16 137.09S5 126.573 13v.05:
26.182 135.662 135.143 134.624 134.105
74,234 133,717 133.200 132.634 132.167
32.30% 131.792 131 279 133.764 132.25¢0
- 30.291 129.779 129.267 128.755 123.244
. I2.¢18 127.509 127.33§ 13s.890 126.380
: - 2€.343 126.036 125.529 125.02% 124.514
N ‘ .24.963 124.457 123.951 123.445 122.939
£ 3 .23.062 i:2.5355 122.055 121.552 121.048
ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =210.C0O
ENDING TIME =24C¢.00
AVERAGE TEMPERATURE =117.512
PRESURE= 3500.0 KPa
REYNOLD'S NUMBER~ 0.61670E+04
COOLANT :WATER
32.804 132.316 131.829 131.341 130.854
31.835 131.ce8 130.560 136.073 129.58&
37.060 126.585 126.110 125.624 125.159
24,491 124.021 123.550 123.080 122.610

143.003
141.621
137.910
13s5.%3¢

1133.583%

131.6590

©129.73%

12

-3

.732

125.871

124.007

122.433
129.544

130.367
129.098
124.684
122.140

[r9
73
w
(1]
w

v

-
w
o

g
e
an

5.106

-
A\
(5

-
w
w

.2890

142.468°

141.086
137,364
135.008
133.066
131.133
129.221
327%.220
125.361
123.500

121.927

'120.041

129.87%
128.612
124.209
121.670

Lo L -
woow W
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. . .
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)
-l
~
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-3
~

141.934
140.552
136.855
134.486
132.547
13?.516
128.706
173,708
12¢.R32
122.993
121.421
119.537

129.392
128.124
123.733
121.200

128.9C<
127.63%

123.23¢




3

N
.3.3790
16.370
14,482
112.532
111.027
109 085

18.00%
115.913
i:3.008

112.230

-
=
o

.78

108.€4C

111.649
110.128

1278.193

CLECTRODE TSMFERATURE
STARTING TIME =240.C0
ENDING TIME =270.00

AVERAGE TEMPERATURE =104.044
PRESURE= 3500.C KPa
REYNOLD'S NUMDER= J.E1670E+04

COOLANT :WATEN

119.633
118.482
113.3€4
P10.47¢2
i¢9.512
106.564
104.554
162.40S
100.489

96.573

97.113

95.169

11%.194
118.043
112.940
110.261
jgE._1¢e
166.154
104.147
102.003
100.99

103.740
101.601
99.692
37.783

9¢.332

94.390

ELECTRODE TEMPERATURE
STARTING TIME =270.00
ENDING TIME =300.00

AVERAGE TEMPERATURE = 99.842
PRESURE~ 3500.0 KFa
REYHNOLD‘S NUMBER= 0.61570€E+04

COOLANT : WATER

114.999 114.542
113.100 112.645
311,198  110.7<7
109.678 109.229
197.747 107.30¢
DISTRISUTION
118.315 117.377
117.165 115.72%
112.081 11i.657
109.32€ 1€9..03
107,378 228.853
105.223 103.93%2
103.334 102.327
101.198 100.796
09.293  98.895
97.388  95.992
es.¢39  95.546
94.901  93.612
DISTRIBUTION

P e
J1E. 234
L1184
114.038%

312.18
210.296
108.77¢

106.824

100.394
98.496
96.5%7

9% 162

- -

93.222

115.705
113.623
111.73°
192.8453
108.330
106.408

116.99?
115.848
11¢.813
PRl 5 A
108.147
?00.102
102.114
99.992

96.097

95.202
94.75%

92.833

$37.20%
115.24S
113.171
111.283
105.3¢24

107.880

195.9€2

36.560
115.409
213,395

177.784

Wi

X ez
11¢ ¢35
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Table XI.

inued.

c-eo 422 18£.10] 105,700 105.319 194.92°
[ A A 135.5¢7 104.677 10¢.286 103.875
X c3.813 99.440 99.066 98.693  9&8.320
23074 9¢.708  96.341 95.974  95.608
0¢.935 9¢.€37  24.275 93.512 '93.%30
sz 949 92.591 92.233 '91.875 91.517
s0.944 90.591  90.237 g89.883  89.S53C
su_je7 88.429 83.030 87.741  87.392
£<.336 B6.%8351  35.207 85.8562 $.317
. sz.907  84.666  84.32% 83.985  83.644
“ a3 638 63.199 82.960 82.622 82.283
- 81.716 91.381 8).347  .80.743 8v.376°
%§
?: ZLZCTRODE TEMPERATURE DISTRIHUI*&&
. STARTING TIME =200.00
- ZNDING TIME «330.03
T AVERAGE TEMPERATURE = 78.239
i SHESURE= 3500.0 KP#

REYNOLD'S NUMBER= 4.61670E+04
CCOLANT :WATER

$1.570  93.326
$2.752 92.409
' 86.726  86.402
83.334 83.677
81.947 §1.635
T5.931  72.633
37.969  77.668
7€.846  75.548
74.012  73.719
72.184  71.895
T0.9:3  70.826

€9.055 68.773

$2.982
22.06%
86.077
83.350

1.322
79.3i6
77.362
75.250
73.428
71.606
70.33¢
59.49¢C

ELECTRODE TEMPERATURE
STARTING TIME =330.00

92.632 .92.79%
91.721 91.378
85.753 ~ 85.429
83.042 82.728
81.010 80.€97
v9.908 =~ 78.702
77.059  76.756
74.952 T74.654
73.132  72.838
71.316  71:627.
70.952  €9.75%°
€8.298  67.925
DISTRIaUTION

104.377
i03.501

97.946

95.241 -

93.188
91.159

89.175

87.044
1e . 172
83.303
81.944

20.044

103.14¢
103.118
97.5713
94.975
92.826
90.801
88.822
86.695
g4 .422
82.963
81.696
79.1710

9:.607
90.69¢
84.780
82.09i
80.073
78.085

76.150

74.059

_72.251

70.443
69.130
67.360

123,756
102.723
97.200
94.504
92.463
90.443
83.469
06.345
24.433
62.622
81.267
79.375

84.455
81.774
79.760
17.777
75.846
73.761
71.957
70.159
68.903
67.077

ORIGINAL. PAGE 1S
of POOR™QUALITY

90.61¢%
90.002
84.131
§1.456
79.448
77.46¢
75.542
73.463
71.663
69.87¢
68.616
66.79%




Table XT. Continued.

EnNTING
AVT EARGY UF L . 6 4L7
FFCSURS. *0" ¥*a

REYNOLL' S NUHBEGH 0.6167UFR+C4
COOLANT:WATELR

81.415 di.11¢é 80.817 80.519 80.22¢C
8v.610 §9.311 80.012 79.714 79.415

4.1369 74.U8E 73.3508 75.530 7?.25l
71.637 71.426 71.1%5 70.884 70.6i4
69.715 69.4492 ¢8.1R3 68.917 €8.5651
67.769 67.508 37.247 65.986 66.725
6S.383 65.527 65.37¢ 65.114 64.858
€3.936 E£3.585 63.334 63.9084 62.032
§2.092 61.64% 61.599 €i.352 61.166
€¢. 356 606.114 39.872 59.630- 55.382
£9.194 59.354 56.714 58f474 ~ 58.235

£7.434 $7.1%9 56.964 56.729 . 56.494

CLECTRPSDE TIMPERATURE DISTRIBUTIUN
STARETING TIME =360.00 -

ENDING TIME =3%0.03C -
AVERAGE TEMPERATURE = 53. 537
PRESHRE~ 3500.0 KPa

REYNOLD'’S NUMBER= 0. 6157OE+04
COOLANT :WATER ..

69.925 69.668 65.411 69.155 68.898
62.22€  68.95S §.713 £2.456 68.29C
62.925 62.690 62.455 62.219 61.984

60.375 60.147 59.919 $9.691 . 59.463

58.49: 58.268 58.045 57.822 57.599
S6.648 56.430 S6.212 55.993  $5.775
S€.555  54.656 S¢.443 . 54.229  54.01§

52.935 $2.7217 52.520 52.312 52.104

S1.308 51.104 50.901 50.697 $0.493
49.693  49.494 49.294 49.095 48.396

9i921
79.116
72.972
70.343
68.386
66.464
64.602

. 62.582

£0.860
§9.147
§7.995

56.259 .

‘68.641

67.943
61.748
$9.23S
57.376

65.557

53.803
51.896
50.290
48.697

79.6212
78.818
72.695
70.072
68.120

65.203

. 64.345
5;.331'
€£0.613.
58 545
57.755

§6.024

68.385
67.687
§1.513
$9.007
57.153
55.339
53.569
51.6C8
50.086
48.498

19.123

§.519
72.417
67.801
67.85¢
55.942
64.089
$2.081
690.2367
58.661

57.516
£5.789

68.128
67.430
61.278
58.779
$6.930
55.121
53.374
$1.480
49.683
48.29¢9

67.8%2
€7.1%7+
51.043
$8.551
56.70%
54.902
83,162
81.272
49.67¢

48.09%

ORIGINAL PASE IS
OF POOR QUALITY



226

47 2¢

45.5€7

n
-}
&
-t
[

»
wn
o~
*
"

Tsble XI. Ceatinued.
oc.646  4B8.349  $B.25%  43.035 217.358  47.861  47.464
S eud  46.821  45.829 46,436 " 46.244  46.052  45.8%9
By ELECTRGOE TEMPERATURE DISTRIBUTION
: e S1ARTING TIME =390.00
N 35 ENDING TIMS =420.00
: = AVERAGE TEMPERATURE = 45.958
& PRESURE= 3500.0 KPa .
REYNOLD®S NUNBERw 0.61670E+04
CUOLANT :WATER ) .
co.144 59.126 58.909 58.691 58.473 38.255  58.03%
55.744 38.526 S58.309  38.091  57.873 §7.656  57.438
£2 546 $2.349  52.133  51.956 $1.76G6. G1.553  S1.366
69.156  49.967  43.777 45.588 49.398  45.203 49.025
¢6.395 48.233  40.029 47.844 47.560 a7.475  47.291
<6.68% - 45.365  <E.225 4L 14€  1G.963 45,796  45.62¢
15.049 44.865 44.589  44.514  14.339 44.1€4  43.339
41.24% 43.079 42.910 42.740  42.570  42.409 42.230
£ €0 41.56¢  €1.118 &1 262 41,087 d0.93) 4¢.7€5
€C.235  40.136  39.3€3 32,802 3i.deb 3% 479 39.317
19.3ce  39.200  39.%40. 3E.MEl. 32.722  38.562 3£.403
& 37.375  337.720 47.566  37.4I1  37.25¢ 17.201 38.945
3 .
ELECTRODE TEMPEPATURE DISTRIBUTIGH
STARTING TIME =420.00
ENDING TIME «450.00
AVERAGE TEMPERATURE « 37.450
PRESURE= 3500.0 KPa .
REYNOLD’S NUMBER= 0.51670E+d4
COOLANT : RATER
49.768 49.535 49.402  49.220 491037 . 43.854 "49.672
€9.258 43.07¢ 428.893  438.710 a8 528 48.245  48.162
43.301 43.133 42.977 42.515  42.653  42.491  42.329
€1.105 40.950 40.795 40.639 40.484 4G.329  40.1%4
39.495 39.344 39.193 39.043 38.892 38.742  38.591
37.932  37.786 37.640 37.494 37.348  37.202  37.056

57.813
57.229
51.170
48.820
47.106
AS.477
43.814
42.060
£2.6%0
33.1%6
38.24¢8

j€.721

40.489
47.9890
42.167
40.018
38.440
36.910

42.36¢
£7.79¢
42.003
39.353
38.290
36.75<

ORIGINAL PASE 1S
"nE POORQUALITY
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rable XI. <Continued.

:4.439 36.297  36.156  16.04 35.872

11.815 34.673 34.5%41 34.405 314.268

3,477 33.443 23,213 33.079  32.946

2.1%% 32.031 31.902 31.773 31.€44
o252 31.225 31.098  30.972  30.845S
031 27.908 29.786 29.663  29.540

€LECTRODE TEMPERATURE DISTRIBUTIOR
STARTING TINME 450,00

ENDING TIME =38CG.00

AVESAGE TEMPERATURE = 30.105
FPRISUREs ITVU.0 XPa

REYROLD’S NUNDER= 0 516’0£+04 R
CCOLANT: WATER

242 41.930 43.93¢ 40.787  -10.§36

Q.814 40.5¢2 40.211 4C.38: 4C.249

113 35.002 34§50  I1.815  34.687

0s 3z.s82 32.8%7 32.73
1.785 31.664  31.543 3i;§22 31,300
30.387  30.270 30.153 30.036 29.919

i9.¢57 23.944 28.831  28.7318 28.60S
21.612 27.504 27.395 27.287 27.178

34 26.330  26.22%  26.126  26.01%

35.279  25.177 25.076 24.975  24.873
588  24.488 24.389  24.289  24.190
435 23.34% 23.244 23.148  23.052

15.731
34.131
32.813
314515
30.718

29.417.

OF BOOR 4”‘&“‘?

35.539  '35.447
33.99¢  33.85%
32.631 32.548
31.386  31.257
30.591  30.464
29.294  29.171
30.333  40.132
39.906  35.73%
- 34,423 24,291
32.480  32.3%3
31.058  30.937
29.685 29.568
28.379  28.266
26.961  26.853
25.805  25.709
24.671  24.569
23.990 23.8s1
22.860 22.764
GG "L




LLECTRONE TEMPERATURE DISTRIBETION
STARTING TIMZ =120.00C

ENSING TIMZ =150.C0

AVERAGE TEMPERATURE =151.337

PRESURE= © 9.0 XPa
REYNOLD‘S NUMBER= 0. 616’OE¢04

COOLANT :WATER

165.317 164.7092 154.071 163.434 162.796
163.673 163.036 162.398 161.760 161.122
161.307 160.872 163.037 159.402 1358.767
13¢ 293 158.655 158.026 157.392 156.759
157.443 156.811 156.178 155.545 154.5812
155.596 154.364 154.332 153.709 153.0‘8
132,755 153;121 i52.493 131.362 151.230
151.836 151.235 1S50.825 3149.395 149.3¢€4
150.061 14%.431 148.802 146.172 147.8543
148.235 147.605 146.577 146.348 1+45.720
1¢6.591 145.37: 145.244 144.316 1313.9867
144,567 144.039 143.413 142.7k4 Be2.1SC

hu’FTRODE TEMPERATURE DISTRIBUTIOV
STARTISNG TIME =150.00

ENDING TIME =180.00

AVERAGE TEMPERATURE =139. 760
PRESURE= 0.0 KPa

REYNOLD’5 NUMBER= 6167OEv04
COOLANT :WATER

1$4.374 1535.779 153.183 152.588 151.992
152.805 152.209 151.614 151.019 150.423
149.751 149.161 148.572 147.982 147.393
147.505 146.918 146.331 145.744 145.158
145.569 144.984 144.399 143.814 ~143.229
143,639 143.056 142.472 141.889 141.303
141,723 143.141 140.552 139.977 139.39S
139.748 139.168 138.568 138.008 137.428

162.15¢
160.485
158.132
156.125
154.279
152.435
150.5%9

148.734

146.913
145.391
143.2359

141,528

151.397
149.828
146.803
144.571
142.644
140.722
138.813
136.848

161.520
159.847
157.497
155.451
153.647
151.8904
149.962
1408.104
146.283

144,482

142.730

140,902

150.802
149.232
146.214

.143.984

142.058

140.138

138.231
136.268

16C.e82
159.209
155.862
154.858
153.014
151.172
142.337

147.473

145.55¢

143.833
142.192
140.273

150.206
148.637
145.624
143.398
141.472
139.555
147.650
135.688

Table XII. Shut-Down Process with Water Coolant
(P=0 XPa, Pe=01067)}.

IJ
tn

16
158.57

..a

1%¢.22¢
152.382
156.51%¢C
148 .76
125.847
145.02+

143.20¢

161.47

132.54

149.€12
148.042
145.03¢
142.812
140.83¢
138.972
137.062
135.10¢

AL PABE 1S

:;:! POORQUALITY
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PRECIEING. PAGE BLANK NOT FILIIED

Tabie XI1. Continued.

119.830 11€.4026 117.9%7 117.447 116.9587 113.487 118,000 1232 .37
= 116.232% 1158.35%% 11%.882 115.@05 134.929 124.152- 113.976 111, 43¢
16 28¢ 114.812 114.349 113.867 113.393 112.920 112.447 111.973 111 50¢
©13.14¢ 112.630 112.2}0 ili1.74¢0 "111.271 110.801 110.332 109.862 1i9.3%
11,200 110,733 110.267 109.800 109.?;3 108.867 108.400 107.934 107 .4¢7

00,249 1CB8.785 108.3231 107.859 107.395 106.932 176.4€8 106.005 105 S<I .
107.67¢ 107.212 196.750 106.288 10S.827 105.365 T04.902 104.441 103.93¢
01.862 103.403 102.945 102.485 ' 152,018

105.6%6 105.238 104.773 104.321 1

ELEZTROOCE TEMPERATURE DISTRIBUTION
STRKXTINGC TIME =240.00 . e
ENDING TIME «2790.00 :
AVERAGE TZMPERATURE =101.179
PRESURE= 0.C KPa

AREYNOLD’S NUMBER= 0.61670E+04
COOLANT :WATEPR.

125.565  116.509 1i6.038 1iS.607 115.133 1id.704 114.2%2 113.802 1i2.3%C
1:5.749 11%.238 1i¢.847 114.396 113.945 113.494 113.043 112.592 112.:idl
110,656 110.230 1£9.735 105.3S9 108.923 128.188 1464.0S2 167.616 T 10

107,667 107,334 107.16¢ 206 972 306.24% US.Bi6 16G5.385 104,237 1CA. 1S
12f 864 105,438 2175.5313 104.3%7 194.132 103.73€ 3iC3.312 101.685 12%.:%
:103.78¢ 103:363 102.941 152.519 102.098 1p1.677- 101.255 100.834 130.4:°7
101.744 101.326 100.909 100.49&'_100.073 . 99.655 99.238 98.820  98.40%
99.571 99.157 98.744 .98.331 ‘ 97;918 97.504 97.094 96.678 96.253
i & 97.625% 97.216 96.8056 956.396 - 95.98% 95.577 95.168 94.758 34.348
R 95.€39 35.274 94.3€9 94.4623 94.057 93.651 913.245 92.839 92.43:

94.13¢ 93.78% 93.378 92.974  22.57C 92.166 91.762 91.357 8C.¢:2:2
92.212 91.812 '§1.412 91.012 90.612 90.212 89.811 89.411 89.01:

ELECTRODE TEMPERATURE straxaurxou
STARTING TIME =270.03

ENDING TIME =300.00

AVERAGE TENPERATURE = 88.344
PRESURE- 0.0 KPa

REYNOLD’S NUMBER= £.61C70€+04
COCLANT : WATER

OREINSL FAOE 1S
OF POCK Qum.n:v




Table XIT. Continued.
%oLrY 1u3.Tlo 103,379 j02.307 102.5C¢
.36 102.624 1£2.223 101.321 102.420
w7 zi8  §°.094  96.£71  96.287  95.903
cc €62 94.315  93.938  93.562 -93.16%
s3.se5  $1.223 . 91.851 91.479  91.187
$0.523  9C.1S57 '89.789  89.421  89.054
3,501 68.137 87.77¢  87.411  87.047
ec.330 6S.972 05.613  85.255  24.897
pa.cl19 84.065 83.711L  83.357 83.003
37,512 62.162 81.812  B81.462 61.112
§1.112 £8.75% 98C.416  80.068  79.720
19,176 78.033  76.489  78.14¢  77.802

TLECTRGOE TENPERATURL DISTRIBUTICHN

STARTING TIME «=335.00 :

ENDING TIME «330.0C

AVERAGE TEMPERNIURL = 73.671

PRESURE- 0.0 KPa

REZNOLD*S NUMBEP- 0.61670E«0¢

COOLANT :WATER
e1.577 31.223 9C.¢70  90.5i7  SC.164
20.513  90.260 89.907  69.554 9.201
84.662 61.329 83.996 83.663 83.329
81.932 81.607 81.281 80.955  80.629
79.874 79.553 79.232  78.911  78.590
77.6¢7 77.530 77.214  76.898  76.582
75.874  75.562  715.251  74.939 74.€28
73.747  73.441 73.134 72.828  72.522
71.903 71.601 71.300 70.998  70.696
30.065  62.769 69.472  65.174 68.877
68.371 $8.476 68.181 67.886 .67.591
€6.209 S56.619 G6£.329  6€.032 'ss.i4a

ELECTRODE TEMPERATURE DISTRIBUTION

STARTING TINME =330.00

102.104
161.919
9%.52¢0
9c.a02
93.734
85 .686
86.683
85.538

82.648

8c.762

72.37%

77.45°

3:.2i¢

8&.948
82.996
80.303
75.268
75.266
73.313%
72.216
70.395
62.580
67.296
GZ.458

101.702 191.301 100.89¢
100.517 100.216  39.813
95.136  94.753  34.36%
g2.432 92.05%  91.67¢
30.362  89.990  89.61F
ag.313 87.951 €7.583
86.320 85957  85.554
6¢.180 83.822  83.4Es
82.294 81.940  B8i.58€
80.412 80.062 79.71Z
79.03¢  73.676  78.32E
17.115  76.772  76.428
£3.457 82.i04  33.7E1
88.495 88.142 87.78¢
g2.662 02.329 81.99€
"79.977  719.651  79.32%
77.947  77.626  17.30%
75.94¢  75.6331  75.21°
74.004 73.693 73.38.
71.810 71.604  71.29¢
70.093 69.791  69.49°
68.283 67.985  67.£e8
63001 66.706 €5.41:
65.168  64.877 64.53°
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ENDING TIME «360.00

PRESURE~

NEYNOLD' S

COOLANT : WATCH

AVERAGE TEMPERATURE = 64 .p01
0.0 KPa .

NUMOER~ 2.618702+014
79.28° 7a.3%82 78.575
79.444 78.137 77.839
72.399 72.023 71.737
65.659 §9.381 §9.102
57.6?5 67.404 67.131
€5.733 65.465 §£.197
63.849 63.586 €3.323
§1.811 §1.554 €1.296
60.05% 39.810 £9.562
€8.337 58.c82 5%.810
57.160 £5.913 55.667
§5.490 S5.1€6 54.925

SLECTRODE TILMPERATURE
ETARTING TIME =360.09
ENDING TIME =390.00

AVERAGE TEMPERATURE = 54.108 -

Continued.

78.368
77.523
71.451
69.824
66.858
61.929

63.059°

61.03¢e
59.30¢
57.581
55.421
54.633

CISTAIBUTION

PRESURE= 0.0 KrPa

REYNOLD’S NUMBER= 0.61670E+04

COOLANT : WATER
68.362 .58.098 67.833 €7.571
£7.629 G?.365 57.102 £5.8138
51.428° 61.186 60.9;4 60.702
38.893 58.659 58.428 58.191
£7.011 56.782 56.552 $6.323
$3.170 $3.94¢ 54.722 $é.498
33,395 53.176 52.957 52;73%
31.479 $1.257 51.043 5¢.829
19.845 49.636 49.427 49.218
48.235 48 .030 47.82S 47.621

’
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'577956
" 56.094
54.274

52.518
50.616
49.009
7.5
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60.2i9
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$4.052
52.299
$0.402
48.800
47.211:
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70.88¢
58.268
66.312
64.3923

62.533

60.52%
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55.536
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44.7¢62

ELECTRODE TEMPERATURE ,DISTRIBUTION
STARTING TIME -399.00 .
- ENDING TIME =420.00

E 5 AVERACE TEMPERATURE 44.707

L ZRESUPL= G.0 £Pa ,
REYNOLD’S NUMDER= 0.61670E+01
COOLANT :WATER

%8.218 §7.794 " §7.5790 57 347 57.123
1,289 57.€% £5.942 5¢.718 55.494

$%.299 §1.093 $0.891 50.689 £0.488

48.335 48.730  48.536  38.341 48.147

47,272 46,984 4£.794 £6.6051 45.415
43 4sv  4S.28%  45.ved 44,313 46729
43 KT a4l a4 93.470 .43.23% <3 210
12,052  41.878 41.703  41.529  44.354
10.549 40.399  €0.229  40.059  39.883
L1da 38.678 38.772 36,306 .38, 440
39.17%  33.d07  37.€43  37.8%9 37.516
36.¢98  16.539  35.380  36.221  16.062

F. ELECTRODE TEMPERATURE DISTRIBUTIOR '
: & STARTING TIME =420.00

: ENDING TINE =450.00

AVERAGE TEMFEZRATURE = 36.428
PRESURE= 0.9 KP2

REYNOLD'’S NUMBER= 0.5167UE+04

COOLANT : WATER

48.555  4B.468 48.280 48.092  47.905
48122 47.93¢ 47.747  41.559 - 41.372
12,271 ¢2.10¢  &1.028 41.771  €1.605
49.93¢  139.937 39.777 39.61& . 39.458
38.495 38.340 38.186  38.031  37.876
36.943  36.793 36.643  36.493  36.343
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41.180

39.7318

47.717

47.184°
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-39.299
37.722
36.193

45.963

44.367

56.675
56.047
50.084
47.757
46.036
44.35%
$2.739
41.00%
39.548
38.199
37.188
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41.272
39.133
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w
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44.169
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55.A24
49.882
47.563
45.846

44.175

T42.3570

40.231
39.37¢8
37.542
37.024
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Table XII. Continued.

3 s W4 13,170 %163 35,023 34.978  24.73X 34,586 34,64l 34,27
3 $3.851  13.73:  32.376  2:.430  33.209  32.14%  33.008 212,888  I1.7I°
: 31.023 . 32.367  32.250 32 114 31.97F  31.04: 3i.7eg 31.558  31.432
31.216 11.085  39.951 30.819  30.686 30.554  30.421  30.289  30.13&
30.40%  30.275  30.145  30.014 29.884  29.75% = 29.623  29.497  29.3&:

) -o.058 28.572 28.646  28.719 2B.593  26.467  26.341  28.23¢  25.08& .

ELECTRODE TEMFERATURE DISTRIBUTION
STARTING TIME =439.00

ZWDING TTME =430.09

AVERAGE TEMPSRATURE = 29.285

PRESURE~ 0.6 XFa

REYNOLD'S NUMBER= 0.61670%+04

COCLANT :WATER -

46.32¢0 40.164 42.909 212.853 39.658 39.942 29.327 39.231 396
3¢.872 32.717 29.562 39.406 39.251 39.096 30.940 23 78S 18.62
34.278 34.240 34.105 33.370 33.834 33.599 35.564 33.4218 33.29:
32.416 © 32.2a9 32.160 32,033 . 31.302 31.773 . 3i.544 31.515 . 31.38¢
1 30.35¢ n.732 50.607 20.43823 30.358 3C.234 39.16¢ 29.08¢

3¢.28
; $9.59¢ 29.474 25,354 29.234 . £9.:123 22.993 28.273 22,733 26.832
28.2756 28.160 28.044 - 27.92§_ 27.812 27.696 27.57% 27.461 27.347

25,846 26.736 -2§.62% 26.513° 26.402 26.291 26.179 26.068 25.98¢
25.681 25.573 25.466 25.358 25.250 25.142 25.035 24.927 24.81%

24.537 24.4233 7 24.329 24,225 24.121 24.016 22,313 23.80% 23.70%
23.84% 23.743 23,541 23.%38 23.436 23.334 .20 23.1293 23.027

22.707 22.609 22.519 22.412 22.313 22.215 22.116 22.018 ci.eit
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Chapter VI

CURRENT DENSITY DISTRIBUTION

In this chapter, fhe quified computer code was
employed to simulate the current_density'distribution during
the considered transient proéésses." The procedure used
divides the'considered cell éiafe into symmetrica1 finite
difference .grids with small feactant. céncentration
differenee. Initial conditions and bound#ry coﬁditiéns are
then utilized within an iterafive process to obtain a
soluticn for each grid that is subjected to the prespecified
restrictions of the average boundary operation conditions .
and the input data, refer to Chapter V and Appendix, which
can be iisted as follows: | ;

(a) Fuel flow rate and temperature

(b) Process air fle :até and temperature

(c) Coolant flow rate

(d) Oxygen utilization rate

(e) Hydrogen utilization rate

(f£) Average cell plate temﬁérature‘

VThe electrode current dgnéity variation is affected
mainly by the concentration of oxygen and hydrogen inside
the fuel cell during any transieﬁt process. Howevér, the

current density distribution is a function of the transient

73%K
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temperature distribution of the electrode. As concluded
in Chapter V the electrode temperature distribution is a
function of the stack pressure, coolant  volumetric flow
rates and thermophysical properties.

This chapter is devoted to study the variation of the
transient electrode current density distribution during
start-up and shut-down process. For the sake of comparison
the same 'éooling fluids flow rates and applied stack
pressure used in the previdus chapters results were
utilized. The affects of these two important parameters on
the electrode current density distribution were then
presented by utilizing two-dimensions and three-dimensions
contours ‘figures.

6.1 Transient Electrode Current Density Dlstrlbutlon During

a Start-Up Process

Figure 115 to Figure 1290 exhibits the variation of the
currant density distribution with time in (Ampere/cm**2) for
water Re=1250 and P=3500-Kp; which is the most critical case
due to high thermal energy accumulation inside the fuel cell
which causes the highest temperature increase rate in the
electrode average temperature.l Comparing Figure 121 to
Figure 126, which represents the current density when water
is used for the equal time inter§als during a starting
Process the following is observed.

1. The highest local current densities are located

close to fuel entrance upper edge during the

start-up process but will shift slightly toward
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the center of the electrode. During the start-
up process the increase in the tempefatures,
before reaching the steady-state, will increase
the generation rate of free electrons.

During a start-up process the increase in ﬁhe

coolant mass flow reduced the peak current

density value and area and caused the peak area
to shift fufthgr‘toward the upper edge close to
fuel entrance side, .as shown in Figure 127 to
Figure 132 which represents the case where
water was used with Re=6167 and P=0 Kpa.

3. The transient average current density for the
electrode was affected neyatively b& the higher
Re number and particularly with higher stack
pressure after the first 20 minutes during the
start-up process, before reaching the steady
state, as shown by Figure 113. That also was
related to the effect of the 1local temperature
distribution.

When o0il was used as a coolant similar obser-
vations were'recorded.: However, higher current
density peak .valﬁes, and 1arge: areas were
noticed since o0il as a éodling fluid with the
law velocity restrictions was less efficient in
removing thermal energy from the electrode
plate and that caused the higher average current

densities.
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6.2 Transient Electrode Current Density Distribution During
sShut-Down Process

The same cases examined in the previous section are
considered during a shut-down process in this section to
determine the effect of the clamping pressure, coolant flow
rate and thermophysical properties on the current density
distributions. Referring to Figure D-1 to Figure D-13 in
the Appendix, for.water with Re=1250 and clamping pressure
of 3500 KPa, ‘and Figure D-14 to Figure D-27 for the same
flow rate and cdoling.fluid but with zero applied stack
pressure, the following can be observed:

1. The current density decrease rate is higher

than the accompanied temperature decrease rate.

2. The peak areas of the current deﬁsity shifted
to the center of the plates and with
maximum clamping pressure.

3. Figure 133 which exhibits the variation of the.
average current - density of the  plate,
demonstrates the.fredﬁction‘of th&t value for
the most extreme case considered, mnminimum flow
rate and maximum ‘clamping | pressure, when_
compared to the minumum flow rate and zero
applied stack pressure case. This can be
related to the effécﬁ: of the electrode plate
temperature distribution.. ’

4. The increase in the average current density

when increasing the mass flow rate was not

»
An
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és high as that when reducing the c;amping
pressure during the shut-down process.

Similar observations were recorded when oil was
used as a cooling fluid. However, the average
transient current density drop rate was higher
than that when water was used as a coolant due
to the coolant volumetric flow restriction
which affected negatively the efficiency of the
cooling system in’héat removal during the shut-

down process as shown in Figure 134.




CHAPTER VII

DISCUSSION OF RESULTS AND ACCURACY ANALYSIS

This chapter is devoted to éhe analysis and
interpretation of the experimental-and theoretical results
obtained in the previous cl;xapters. These analyses and
interpretations will be mostly concerned with the effects
of clamping pressures, cooling fluid flow characteristics,
thermophysical properties and the. transient heat transfer
characteristic on t.he performance of a PAFC power plant»
operating under transient conditions.

A good method of presenting the gathered information and
forming a clear picture of the effects of each considered
parameter on the fuel q:ell-"t;'ansient- heat transfer rates is
experimental and analyéiéal results comi)arison.

Figure 135 shows the overall heat transfér coefficient
as a function of time for both cooling fluids for a start-
Up and shut-down cases respectively, with average (Re)
humber and stack pressure conditiohs’. An obvious increase
in the values of the overall heat. transfer coefficient was
hoticed with higher applied stack pressure as mentioned in
Chapter IV, however, that increase in the case of water was

higher than that of oil. The average difference was 28.392%

7%




264

‘11U

9TDT3380) Iajsurl] 3eey [1eLaAQ [Bytsutiadyy syl yo suostredwoy *g¢7 sin3dty

o} pu (ww) g
- L L L 4 - 7] -t . - e - - - - - ” - " 14
o ok Lt : 1 ' 1 ) " J 1., e 1 L | 1 o
- . 1
[ O P -c\n\ -
Tl o i
~, * A\ L4 4 "
./:Jf ~ . o4 \\\\. W\
Jl:/::: Q\\\.\ \\\
:ll 1! . \\\\ L’
. oot » -
. :..f .. < - \‘ \\ i
ll/ 4“/ llm \\. 4\\\. W
' /, ,, .m ¢ . . .....M
AV .
AR .¥
A L’ A
/9/ 1 - -
(imv=p porwes O -O T roengd pwwee o - ¥ =
f [ E ) lcl/ Lt (et o wen <Y o
SO SOV ISRINSINSS IV Nt OOV IS INRITNS @Iy
” -
SNOIGHOD NOLYMIYO JOVIOAY Hiw STIO0Nd WAMDQ=2nws SNOUICHOD MOUVYIYO JOMOAY Mu S3I0%4 dn~Luvis
._.z_u_.tuoo 4AJSNVYL IV3IH TIVYIA0 LIN3ISNYYL IN3I0144300 ¥3IJ4SNYYL LY3IH T1IV¥3A0 INJISNVY])
|

OdX 00F I=3YNSSIUY'S 0 VdAY HLIM SINYI0GD *dNOINI

INJIDI44300 YIISNVYEL LVIH TIVYIAC TVININIMIAXT JHL 40 NOSINVIWOD




265

during a start-up process and approximately 16.524% during
a shut-down process. The higher U value for waﬁer was not
solely due to the different cooling fluid thermophysical
properties but also due to the large difference of the fluid
velocity. That difference affected the results since the
transient overall heat transfer is a function of the
convection heat transfef coefficient which is dependent on
the flow characteristiés. It should be noticed that the
data obtained for water was'fof mass flow rates covering
jaminar and turbulent flows but only the laminar flow
condition was considered in the oil case.

The effect of pressure on thé reduction of the thermal
contact resistance is significant for all the cases
considered for each coolant, as demonstrated in Chapter IV.
This reduction in the thermal resistance is mainly due to
the increaée of the contact common surface area between the
fuel cell plate and the cooling plate which was caused by
the plastic deformatiph,fof the two surfaces and the
reduction of the air;GCCupied gaps due to surfaces
roughness. The significant effect of the thermal contact
resistance on the overall transient heat transfer
coefficient één'bé déﬁénstratéd:élearly by monitoring the
varjation of the ratio I(t) with time, where I(t) can be
defined as: | |

trans%egt overall heat transfer
oe ode
I(t) = uU(t)/v(t) = transient overall heat transfer

coefficient neglecting the effect of
the thermal contact resistance.

a-
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or

() + B + G
X4 X2 1
[('R') + (rc) + 'R') + (h(t))]

I(t) =

Utilizing the experimental correlation to generate the
results for béth U-va}ues a remarkable difference was
noticed, as shown by Figure 136 and Figure 137 for water
'during start-up and shut-down‘process respectively, for
several considered applied stack pressure. It was noticed
that the difference reached a maximum of 10.383% for the
considered start-up process and 10.109% for the considered
shut-down process. In the case of o0il coolant the maximum
difference was 9.921% for start-up conditions and 9.844%
for the shut-down conditions for the same pressure ranges.

‘An increase in the values of the Nusselt number was
noticed for both cooling fluid with high applied stack
pPressure, (please refgg:tg Appendix A and B). That is
mainly due to the effec£ of the stack pressure on the
surface temperature. Also, the Nusselt number increased
with increasing the coolant volumetric flow rate for both
coolants. However, the increase in the oil Nusselt number
Case was higher than that for water. This can be shown by
dividing the average difference Sf the Nusselt number values
lﬂeasured. during a start-up process for the maximum and
minimum coolant volumetric flow rate by the total difference

in the Re number. That non-dimensional ratio was 7.692%107>
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for oil and 9.152*%10°® for water. Figure 138 represents a
comparison between the transient variation of the
experimental Nusselt number for both coolants with average
operation conditions during a start-up and shut-down process
respectively.

This is because higher stack pressure results in
decreasing the thermal contact resistance between the
heating elements and the electrode plate. This in turn
results in an increase .in the.electrode internal energy and
electrode temperature. However, the rate of heat transfer
electrode from the electrode plate to the coolant is not
equivalent to the rate of increase of the electrode internal
energy. This is because of a significant thermal contact
resistance between the electrode plate and the cooling plate
even after increasing the stack pressure. This results in
the accumulation of internal energy in the electrode plate
which results in an increase of the electrode plate
temperature. l

The increase in the Avérage cell temperature rate was
greater and the average temperature measured'vas highef in
the case of oil coolant during the considered start-up
process due to the lower Re number used in the case of oil
as demonstrated in Chapter V. on the other hand during
shut-down process the average'tr&nsient temperature drop
rate was slower for oil than that for water. That is
basically due to the higher accumulation rates of the

internally generated thermal energy when oil is used as a
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coolant. Typically, as expected, the peak temperature areas
were located in cell portions remote from the entrance side
of the coolant during the start-up process. Considering the
heat flux of the electrode, we notice that in general the
heat flux is more uniform with higher stack pressure due to
the homogeneous temperature distribution profiles of the
electrode. '

Considering the current density distribution, it is
noticed that during thé:start;ﬁp process, the increase in
the electrode temperature during the start-up process
increased the fuel utilizétion' rate and the chemical
reaction between the reactants and consequently the
production and travel of free eleétréns as demonstrated by
the 2-D and 3-D contour profiles presented in Chapter VI.
Also, the increase of the applied clamping pressure caused
the electrode temperature to rise and that affected electron
production rate while increasing the Re number will reduce
the current density duﬁip;_a start-up process as shown in
Figure 139. On the other-ﬁand, during the shut-down process
three opposing factors were working against each other and
affecting the transient current'density distribution. The
first factor, the thermal*énergj positive effect on the
chemical reaction rate of the reacﬁants, the second factor,
effect of the temperature peak areés §n the free electrons'
travel ability and the third factor, the effect of the
reduction of the fuel flow rate. Therefore, the effect of

increasing the stack pressure and increasing the cooling
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fluid Re number and the fluid thermophysical properties
effect could not be isolated, as shown in Chapter VI.

In comparing experimental results with results obtained
analytically, the observed difference was found to be within
acceptable range. Referring to Figure 140 we notice that
differences between the reported experimental results and-
the <analytical results of thg transient overall heat
transfer coefficient did not exceed the maximum of 8.25% and
on the average the'ﬁdifferencé was 5.322% during the
considered start-up and shut-down process for both coolant
for the average operation condition, P = 1400 and Re = 3321
for water and Re=47 for oil. Also referring to Chapter V
Figures we notice that tﬁe'average deviation between the
experimental and analytical transient average electrode
temperature results was 6.351%.

By comparing the results of runs with identical
conditions and considering the accuracy of the used
equipment, the experiméqtai_résults error should not exceed
a maximum of 10%. Thé {major source of errors in the
experimental work, refer to Chapter III, can be summarized
as follows. |

(a) accuracy of the'experimental instrumentation

especially the thermécouples, flow meters
and electricai power supply measurement
equipment used.

(b) Cooling system configuration, the affect of

this factor is important due to the fact that
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the fitting of the serpentine cooling
configurations and surface roughness-bf the
internal areas of the tubes can cause
turbulant flow and high pressure drop even
with relatively low Re numbers. It was beyond
the capability of the.used instrumentation and

scopé of this study to determine how

-significant was the effect of such factor on

the overall heat transfer coefficient. The
observed influence of this factor on the
accuracy of experimental results in similar
experimental set-upé was mainly related to the
relationship Eetween convective heat transfer.
coefficient which is a function of the mixed
bulk flow temperature (T,) versus the
friction coefficient which is a function of
the mean flow velocity.

Heat losses;#o the surrounding environment:
Although addiﬁional insulation was used to
reduce the heat transfer from ﬁhe control
volume, unavéided heat transfer by radiation
and convection occurred during the lengthy
experimental run time'ihtervals.

A correction factof'ﬁas'ﬁsed when oil is used
as a coolant to eliminate or reduce the error
caused by the efficiency of the secondary

cooling process for the closed cooling systems
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‘that affected the temperature of the return
coolant. |

(e) The effect of two-phase flow when water was

used as a coolant was a contributor in the

marginal error of the experimental results.

The cooling tube temperature exceeded 100°C

during several runs and that can easily

cause the generation of the 'gaseous phase at

least in the'éase of water.

(f) Human error factor should also be taken into
account inspite of the fact that most of the
monitoring process - was done automatically.

i:;E However, thé -gradual variations of the power

supplied to the cell plate was controlled

manually and checked by a secoﬁdary set of

amperage and voltage measuring instrumentations.




CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The following can be concluded from the experimental

investigation and the compariéon with the theoretical

results.

(a)

(b)

The effects of the clamping stack pressure on the
surpentine cooling system performance: increasing
pressure on the PAFC system will increase the
transient overall heat transfer coefficient and
consequently the heat transfer to the cooling
fluid and this in turn improves the efficiency
of the cooling system, whether it is an open
system or g';cl;sed_ system with a secondary
cooling system..: This effect is mainly due to
the plastic deformation of the cooling plate and

cell plate that will cause the increase of the

"common contact surface ‘and reduce the thermal

contact resistance sigﬁificantly.

The general transient performance of the
serpentine cooling system: the transient

performance of both experimental serpentine
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‘cooling systems used can be described as reliable
and effective provided that the electrode peak
temperature is always kept below 210 degrees C to
prevent any damages to thermocouples adhesive
material or the resistive heating elements. This
reasonably good performance is basically due to
the fact that cooling fluids in their liquid phase
have high heat capacity ~and can transfer
additional tl;ermal energy by means of the latent
energy that is observed during the phase change
process when pressurizing is not available as in
the considered experimental setup. Oon the other
hand, several serious problems were noticed with

the use of such systems, which can be summarized

as follows:

(a-1l) Leaks from the cooling coil inside the
control voluxixe' caused by corrosion, long fluid
travel path.:'ihside the cooling coil, and high
pressure difference through fittings. The cooling
system leak can negatively influence the electrode
chemical reaction anfi cause irreversible damages.
But this risk can be reduced effectively
by improving the cooling system design to reduce
the number of fittings used and employing non.
corrosive materials with high thermal

conductivity.




(c)

(d)
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- (1-2) cCoolant effective contact area: This

problem can be reduced by combining long travel
paths with the flexibility of serpentine systems
to be expanded on large cooling areas. But
larger numbers of independent coils with shorter
total travel distance should be used to compen-
sate for reducing the tube diameters in order
to maintain a reasonable pressure .drop. This
method will also improve the transient electrode
temperafure distribution uniformity.

(a=3) High initial cost and maintenance of
the serpentine cooling systems: the high
initial cost is usually due to the design
complexity and the ﬁse of a non-corrosive tube
material. The high maintenance cost is normally
observed when a closed cooling system is used
with a cooling tower as part of the cooling
system. =

The transient ACufrent density d;stribution:
Three factors will.affect the transient current
density profiles, the transient temperature
distribution,. the flow rate of the reactants
and efficiency of the _chémical reactions, and
its relationship with the thermal energy.
These factors will determine the phase density
at a certain area.

The accuracy of the modified computer code:
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‘The comparison between the experimental and

theoretical results generated by thé modified
computer code revealed a significant improve-
ment in the accuracy of theoretical results
because of the consideration of the effect of
thermal contact resistance as a function of
stack pressure and other important experimental
conditions such as the return cooling fluid

temperature.3
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8.2 Recommendations

In the light of the results obtained from the presented

experimental

and theoretical study, the following is

recommended to enlarge the scope of the gained knowledge in

this field for any‘further scientific work utilizing similar

exberimental methods or set-up:

(a)

(b)

(c)

(d)

(e)

The effect of two-phase flowﬁon the transient
heat transfer should be recognized and
studied carefully to modify the computer

code to be sensible to that important factor.

The effect of pressurizing the cooling system
on the PAFC efficiency and cooling system

performance should be studied carefully.

The heat 1loss by radiation and convection
can be reduéed by containing the considered

control volume in a sealed reflective space.

The effect of the cooling tube roughness
and the configuration on the cooling system
performance, turbulant  flow effect, and

unaccounted for .pressure drop, should be

analyzed.

More actual simulation of the temperature

distribution can be created if the number of



(f)

(g9)

(h)
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‘resistive heating element coils is increased
and their center location is shifted rtoward
the fuel entrance side. This should be done
in conjunction with the suggested cooling
system modifications described in the
previous section.

The closed cooling system should be modified
to provide.higher 0il volumetric flow rates
than it is . presently capable of, Re=15 to
Re=80. This can be done by eliminating the
flexible joints and fittingé and increasing

the horsepower of the circulating pump.

The C.S.U. experimental set-up should be
connacted to the VAX computerl center
utilizing the 1200 BUAD rated modum avail-
able to facilitate the time consuming
monitoring p?ocess and obtain more accurate
results. This -‘modification will allow
efficient testing of the transient perfor-
mance of other cooling systems such as the
gasious straight channeling cooling systenm

utilizing a variety of compressible fluids.

The existing PAFC experihental models should
be modified to use Hydrogen as a fuel and a
cooling system, including a cooling tower,

or an air condensor, and tested as a




(i)
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practical co-generation prototype to reduce
the KWH and KWD consumption that cén be
further developed for commercial appli-
cations such as hospitals and refrigeration

warehouses.

The effeqt of' applying a perpendicular
magnetic field on the cooling system's
performance by influencing the flow and heat
transfer chafacferistics'of a magnetohydro-
dynamic, MHD, coolant such as hard and sea

water is extremely important and should be

tested for . the considered PAFC model.

Another advantage of using the magnetic
will be to reduce the scaling factor which
will consequently cause the increase of the

thermal efficiency of the cooling system.
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APPENDIX A-1
WATER COOLANT

HEAT TRANSFER CHARACTERISTICS

Start-Up Process: Table (A-1-1) - (A-1-2)

Shut-Down Procg_sS: ‘Table (A-1-3) - (A-14)
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RE = 15.00
PRESSURE (KPa)= 0

FLUID :WATER

TIME
0.000E+00
0.100E+01
0.200E+01
0.300E+01
0.400E+01
0.5S00E+01
0.600E+01
0.700E+01
0.800E+01
0.900E+01
0.100E+02
0.110E+02
0.1206E+02
0.130E+02
0.140E+02
0.150E+02
0.160E+02
0.170E+02
0.180E+02
0.190€E+02
0.200E+02
0.210E+02
0.220E+02
0.230E+02
0.240E+02
0.250E+02
0.260E+02
0.270E+02
0.280E+02
0.290E+02
0.300E+02
0.310E+02
0.320E+02
0.330E+02
0.340E+02
0.350E+02
0.360E+02
0.370E+02
0.380E+02
0.390E+02
0.400E+02
0.410E+02
0.420E+02
0.430E+02
0.440E+02
0.450E+02
0.460E+02
0.470E+02
0.480E+02
0.490E+02
0.500E+02
0.510E+02
0.520E+02
0.530E+02
0.540E+02
0.550E+02
0.560E+02
0.570E+02
0.580E+02
0.590E+02

NUL
0.000E+00
C.336E-02
0.674E-02
0.102E~-G1
0.136E-01
0.171E-01

0.206e-01 .

0.241E-01
0.276E-01
0.312e-01
0.348E-01
0.385e-01
0.422E-01
0.459E-01
0.496E-01
0.534e-01
0.572E-01
0.610E~-01
0.649E-01
0.687E-01
0.727e-01
0.766E-01
0.806E=01
0.846E-C1
0.887e-01
0.928E-01
0.963E-01
0.101E+00
0.105E+00
0.109E+00
0.114E+00
0.118E+900
0.122E+00
0.127E+00

0.131E+00 -

0.136E+00
0.140E+00
0.145E+00
0.149E+00
0.154E+00
0.158E+00
0.163E+00
0.168E+00
0.172E+00
0.177E+00
0.182E+00
0.187E+00
0.192E+00
0.197E+00
0.202E+00
0.207E+00
0.212E+00
0.217e+00
0.222E+00
0.227E+00
0.232E+00
0.238E+00
0.243E+00
0.248E+00
0.254E+00

-
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a1
0.100E-09
0.3S7E+00
0.716E+00
0.108E+01
0.144e+01
0.181E+01
0.217E+01
0.254E+01
0.292E+01
0.329E+01
0.367E+01
C.405E+01
0.443E+01
0.481iE+01
0.520E+01
0.558E+01
0.597E+01
0.€636E+01
0.675E+01
G.715€E+01
0.754E+01

-0.794E+01

0.834E+01
0.874E+01
0.914E+01
0.954E+01
0.3934E+01
0.103E+02
0.108E+02
0.112E+02
0.116E+02
0.12GE+02
0.124E+02
0.128E+02
0.132E402
0.136E+02
0.140E+02

" 0.144E+02

0.148E+02
0.152E+02
0.157E+02
0.161E+02
0.165E+02
0.169E+02
0.173E+02
0.177E+02
0.181E+02
0.185E+02
0.189E+02
0.193E+02
0.197E+02
0.201E+02
0.205E+02
0.209E+02
0.213E+02
0.217E+02
0.221E+02
0.225E+02
0.228E+02
0.232E+02

$ Ul/Vi
.100E+03
.100E+03
.10CE-+03
.100E+03
.100E+03
.100E+03
.9939E+02
.999E+02
.999E+02
.99SE+02
.998£+02
.998E+902
.998E+02
0.997E+02
0.997E+02
0.998E+02
0.996E+02
0.995E+02
0.994E+02
0.994E+02
0.993E+02

COCOO0COOoOOOOLOOO

0.992E+02 .

0.991E+02
0.990E+02
0.989E+02
0.988E+02
0.987E+02
0.986E+02
0.985E+02
0.984E+02
0.982E+02
0.981E+02
0.980E+02
0.978E+02
0.977E+02
0.975SE+02
0.974E+02
0.972E+02
0.370E+02
0.968E+02
0.966E+02
6.964E+02
0.962E+02
0.960E+02
0.958E+02
0.956E+02
0.953E+02
0.951E+02

0.949E+02.
" 0.946E+02
0.943E+02

0.941E+02
0.938E+02
0.935E+02
0.932E+02
0.929E+02
0.926E+02
0.923E+02
0.920E+02
0.917E+02

Table A-1-1.
Heat Transfer
Characterist:cs
During Start-lk
Process (Water
Coolant, P=0 KPa,
Re=15).
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RE = 15.00
PRESSURE (KPa)= 3500.

FLUID :WATEPR

TIME
0.000E+CO
0.100E+01
0.200€E+01
0.300E+01
0.400E+01
0.500E+01
0.600z+01
0.700E+01
0.800E+01
0.900E+01
0.109E+02
0.110E+02
0.120E+02
0.130E+02
0.140E+02
0.150E+02
0.160E+02
0.170E+02
0.180E+02
0.190E+02
0.200E+02
0.210E+02
0.220E+02
0.230E+02
0.240E+02
0.250E+02
0.260E+02
0.270E+02
0.280E+02

0.290E+02-

0.300E+02
0.310E+02
0.320E+02
0.330E+02
0.340E+02
0.350E+02
0.360E+02
0.370E+02
0.380E+02
0.390E+02
0.400E+02
0.410E+02
0.420E+02
0.430E+02
0.440E+02
0.450E+02
0.460E+02
0.470E+02
0.480E+02
0.490E+02
0.500E+02
0.510E+02
0.520E+02
0.530E+02
0.540E+02
0.550E+02
0.560E+02
0.570E+02
0.580E+02
0.590E+02

NU5
0.000E+00
0.517e-02
0.104E-01
0.156E-01
0.209E-01
0.263e-01

0.31i7e-01 -

0.371E-01
0.426E-01
0.481E-01
0.537E-01
0.593E-01
0.650E-01
0.707E-01
0.764E-01
0.822E-01
0.881E-01
0.940E-01
0.999E-01
0.106E+00
0.112E+00
0.118E+00
0.124E+00
0.130E+00
0.137E+00
0.143E+00
0.149E+00
0.156E+00
0.162E+00
0.169E+00
G.175E+00
0.182E+00
0.139E+00
0.195E+00.
0.202E+00
0.209E+00
0.216E+00
0.223e+00
0.230E+00
0.237E+00
0.244E+00
0.251E+00
0.258E+00
0.266E+00
0.273E+00

‘0.281E+00

0.288E+00
0.296E+00
0.303E+00
0.311E+00
0.319E+00
0.326E+00
0.334E+00
0.342E+00
0.350E+00
0.358E+00
0.366E+00
0.375E+00
0.383E+00
0.391E+00

us
0.100E-09
.549E+0Q0
.110e+01
.166€E+01
.221E+01
.277E+01
.334E+01
0.390E+01
0.447E+01
0.504E+01
0.561E+01
0.619E+01
0.677E+01
0.735E+01
0.793E+01
0.851E+01
0.910E+01
0.969E+01
0.103E+02
0.109E+02
0.115€e+02
0.121E+02
0.127E+02
0.133E+02
0.139E+02
0.14SE+02

ocoooCo

0.151E+02 .

0.157E+02
0.163E+02
0.169E+02
0.175E+02
C.18iE+02
0.187E+02
0.193E+02
0.199E+02
0.205E+02
0.212E+402
0.218E+02
0.224E+02
0.230E+02
0.236E+02
0.242E+02
0.248E+02
0.254E+02
0.260E+02
0.266E+02
0.273E+02
0.279E+02
0.285E+402
0.291E+02
0.297E+02
0.303E+02
0.309E+02
0.315E+02
0.321E+02
0.327E+02
0.332E+02
0.338E+02
0.344E+02
0.350E+02

-

0.100E+03
.100E+03
.100E+03
.100E+03
.100E+03
.100E+03
.1C0E+03

OCOO0OOCO0O0O

0.999E+02
0.999€E+02
0.999E+02
0.999E+02
0.998E+02
0.998E+02
0.998E+02
0.997£+02
0.997E+02
0.997E+02

0.996E+02

0.996E+02
0.995E+02
0.995E+02
0.954E+02
0.994€+02
0.993E+02
0.992E+02
0.992E+02
0.991E+02
0.990E+02
0.989E+02
0.983E+02
0.987E+02
0.967E+02
0.986E+02
0.98SE+02
0.984E+02
0.982E+02
0.981E+02
0.980E+02
0.979E+02
0.978E+02
0.976E+02
0.975E+02
0.974E+02
0.972E+02
0.971E+02
0.969E+02
0.968E+02
0.966E+02
0.964E+02
0.963E+02
0.961E+02
0.959E+02
0.957E+02
0.955E+02
0.953E+02
0.951E+02
0.949E+02
0.947E+02

0.945E+02

.999E+02 .

TABLE A-1-2.

Heat Transfer

Characteristics
During Start-Up
Process {(Water .
Coolant, P=35G0 KPa

Re=15).
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RE = 15

.00

PRESSURE (KPa)= 0
FLUID :WATER

TIME LUl Ul % Ji,vl
0.120E+03  0.336E+00  0.249E402 0.915£+02
0.125E403  0.318E+00  0.240E+02 0.9135103
0.130E+03  0.302E+00  0.232E+02  0.924E409
U-135E403  0.286E+00  0.224E+02 0.928ps+0>
0.140E+03  0.271E+00  0.216E+02 0.9325403
0.145E+03  0.256E+00  0.208E+02  0.935e+02
0.150E+03  0.243E+00 0.200E402 0.939E+02
0.155E+03  0.230E+00  0.193E+02  0.9425402
0.16CE+C3  C.218E+G0  0.186E+02  0.945E+03
0.165E+03  .0.206E+00  0.179E+02  0.949E4+02
0.170E403  0.196E+00  0.172E+02  0.951£402
0.175E+03  0.185E+00  0.166E+02 0.954E403
0.180E403  0.175E+00  0.159E+402 0.9575+03
0.185E+03  0.166E+00  0.153E+02  0.9595+03
9.190E+03  0.157E+00  0.147E+02  0.962B10>
0.195E+03  0.149E+00  0.141E+02 0.964ps03
0.200E403  0.141E+00  0.136E+02 0.966E+03
0.205E+03  0.134E+00  0.131E+02 0.9685403
0-210E+03  0.127E400  0.125E402 0.970E403
0-215E+403  0.120E400  0.120E+02 0.971E403
0-220E+03  0.114E+00  0.116E+02 0.9735403
0-225E+03  0.108E+00  0.111E+02 0.9755405
0.230E+03  0.102E+00 ~ 0.106E+02 0.976E403
0.235E403  0.967E-01  0.102E+02  0.978p+05 TABLE A-1-3,
0.240E403  0.917E-01  0.980E+01 0.9795403
0.245E403  0.868E-01  0.940E+01 -0.9808+03 Heat Transfer
0.250E403  0.822E-01  0.902E+01 0.981E+03 Characteristics
0.255E+403  0.779E-01  0.865E+01  0.982B405 During Shut-Down
0.260E+03  0.738E-01  0.829E+01 0.984B10> Process (Water
0.265E+03  0.699E-01  0.795E+01 0.985p403 Coolant, P=y KPa,
0.270E+03  0.662E-01  0.762E+01 0.985p+03 Re=15). ,
9-275E403  G.627E-01  0.730E+01  0.986ps02
0.280E+03  9.594E-01  0.700E+01 0.987E+03
0.285E+03  0.563E-01  0.671E+01 0.988p(05
0-290E+03  0.533E-01  0.643E+01  0.9895s05
0.295E+03  0.505E<01 _ 0.616E+01 0.989E+02
0-300E+03  0.479E%01 ' 0.590E+01 0.990B+03
0.305E+03  0.453E-01 . 0.565E+01 0.991B+03
0.310E+03  0.430E-01  0.541E+01 0.991p403
0.315E403  0.407E-01  0.518E+01 0.992E403
0.320E403  0.385E-01  0.497E+01  0.992E103
0.325E403  0.365E-01  0.476E+01  0.9935:03
0.330E+403  0.346E-01  0.455E+01 0.993p10>
0.335E403  0.328E-01  0.436E401 0.9945403
0.340E+03  0.310E-01 0.418E+01 0.994E+02
.0.345E403  0.294E-01  0.400E+01 0.994B105
0-350E403  0.279E-01  0.383E+01 0.9955103
0.355E403  0.264E-01  0.366E+01 0.9955+0>
0-360E403  0.250E-01  0.351E+01  0.995p403
0-365E+03  0.237E-01  0.336E+01 0.996E+0>
0.370E+403  0.224E-01  0.321E+01  0.996E403
0.375E403  0.213E-01  0.308E+01 0.9965103
0.380E+403  0.201E-01  0.294E+01 0.9965103
0.385E+03  0.191E-01  0.282E+01 0.9975103
0.390E403  0.181E-01  0.270E+01 0.9975+05
0-395E+403  0.171E-01  0.258E+401 0.997£+0>
0.400E403  0.162E-01  0.247E+01  0.9975+05
0.405E+403  0.000E+00  0.000E+00 0.000B400
0.000E+00  0.000E+00  0.000E+00 0.000B+00
0.000E+00  0.000E+00  0.000E+00 0.0005100
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RE = 15.00
PRESSURE (KPa)= 3500.
FLUID :WATER

TIME NUS us % US/VS
0.120E+03  0.S67E+00 0.375E+02  0.944E+02
0.125+03  0.537E+00 0.362E+02 0.947E+02
0.130E+03 0.S08E+00 0.349E+02 0.949€E+02
0.135E+03  0.482E+00 0.337E+02  0.952E+02
0.140E+03  0.456E+00 0.325E+02  0.955E+02
0.145+03  0.432E+00 ©.314E+02  0.957E+02
C.150E+03  0.409E+0G  C.302E+02  0.960E+02
0.155E+03  0.388E+00 0.221E+02 0.962E+02
0.160E+03  0.367E+00 0.281E+02 0.964E+02
0.165E+03  0.348E+00 0.270E+02 0.966E+02
0.170E+03  0.330E+00 0.260E+02 0.968E+02
0.175+03  0.312E+00 0.250E+02 0.970E+02
0.180E+03  0.296E+00 0.241E+02 0.971E+02
0.185E+03 0.280E+00 0.232E+02 0.973E+02
0.190E+03  0.266E+00 0.223E+02 0.974E+02
0.195E+03  0.252E+00 0.214E+02 0.976E+02
0.200E+03  0.238E+00 0.206E+02 0.977E+C2
0.205e+03  0.226E+00 0.198E+02 G.979E+02
0.210E+03  0.214E+00 0.190E+02 0.980E+02
0.215E+03  0.203E+00 0.183E+02 0.981E+02
0.220E+03 0.192E+00 0.176E+02 0.982E+02
0.225E+03  0.182E+00 .0.169E+02 0.983E+02 .
0.230E+03  0.172E400 0.162E+02 0.9845+02  TABLE A-1-4.
0.235£+03 0.163E+00 0.155E+02 0.985E+02
0.240E+03  0.155E+00 0.149E+02  0.986E+02  peat Transier
0.245E+03  0.146E+00  0.1438402 0.987E+02  haracterictics
0.2502+03  0.139E400  0.137E402  0.988E+02 [iine G Down
0.255E403  0.131E+00  0.132E+02  0.988E+02 > (Water
0.260E+03  0.124E+00  0.126E+02  0.989E+02  ~v= 0 .7 Lo
0.265£+03  0.118E+00  0.121E+02  0.990E+02 = Re:IS‘J
D 0.270E+03  0.112E+00 0.116E+02 0.990E+02 <4, ReTI3).
3 C.275E+03  0.106E+00 C.111E+02 0.991E+02
g 0.280E+03 ~ G.100E+00 0.107E+G2 0.991E+02
e 0.285E+03  0.949E-01_ 0.10ZE+02 = 0.992E+02
PR 0.290E+03  0.899E-01" 0.981E+01 0.992E+02
e 0.295E+03  0.852E-01  0.940E+01  0.993E+02 -
e v 2 0.300E+03 0.807E-01  0.901E+01  0.993E+02
;3§>; 0.305E+03  0.764E-01 ~ 0.864E+01 0.994E+02
SR 0.310E+03  0.724E-01 0.827E+01 ~ 0.994E+02
lf 8 0.315E+03 0.686E-01  0.793E+01 0.994E+02
A4 0.320E+03 0.650E-01  0.759E+01 0.995E+02
: §j 0.325E+03 0.616E-01  0.728E+01  0.995E+02
3 0.330E403  0.583E-01 0.697E+01  0.995E+02
) 0.3356+03 0.552E-01 0.667E+01 0.996E+02
0.340E+03  0.523E-01 0.639E+01 ~ 0.996E+02
0.345E+03  0.496E-01  0.612E+01 0.996E+02
0.350E+03  0.470E-01 0.586E+01 0.996E+02
0.355E+03  0.445E-01  0.561E+01 0.997E+02
0.360E+03 0.421E-01  0.538E+01  0.997E+02
0.365E+03 0.399E-01 0.515E+01 0.997E+02
0.370E+403  0.378E-01  0.493E+01 0.997E+02
0.375E+03  0.358E-01 0.472E+01 0.997E+02
0.380E+03  0.339E-01 0.452E+01  0.998E+02
0.385E+03  0.322E-01  0.432E+01  0.998E+02
0.390E+03  0.305E-01  0.414E+01 0.998E+02
0.395E+03  0.289E-01 0.396E+01 0.998E+02
0.400E403 0.273E-01 0.379E+01 0.998E+02
0.405E+03  0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00




APPENDIX A-2
WATER COOLANT

THERMAL CONTACT RESISTANCE AND AFFECTIVE

TEMPERATURE DROP

Start-Up Process: Table (A-2-1) - (A-2-2)

Shut-Down Proce_ss: Table (A-2-3) - (A-2-4)
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RE =
PRESSURE (KPa)= 0
FLUID :WATER
TIME D1
0.000E+00 0.000E+00
0.100E+01 ¢.989E-01
0.200E+01 0.199E+00
0.300E+01 0.300E+00
0.400E+01 0.403€E+00
0.500E+01 0.507E+00
0.600E+01 0.612E+00
0.700E+01 0.719E+00
¢.800E+01 0.826E+00
0.900E+01 0.936E+00
0.100E+02 0.105E+01
0.110E+02 0.116E+01
0.120E+02 0.127E+01
0.130E+02 0.139E+01
0.140E+402 0.150E+01
0.1S0E+02 0.162E+01
0.160E+02 0.174E+01
0.170E+02 0.186E+01
0.180E+02 0.198E+01
0.190E+02 0.210E+01
0.200E+402 0.223E+01
0.210E+02 0.236E+01
0.220£+402 0.248E+01
0.230E+402 0.261E+01
0.240E+02 0.274E+01
0.250E+02 0.288E+01
0.260E+02 0.301E+01
0.270E+02 0.315E+01
0.280E+02 0.329E+401
0.290E+02 0.343E+01
0.300E+402 0.357E+01
0.310E+02 0.371E+01
0.320E+02 0.386E+401
“0.330E402 0.400E+01
0.340E+02 0.415E+01"
0.350E+02 0.430E+01
0.360E+02 0.445E+01
0.370E+02 0.461E+01
0.380E+02 0.476E+01
0.390E+02 0.492E+01
0.400E+02 0.508E+01
0.410E+02 0.524E+401
C.420E+02 0.541E+01
0.430E+02 0.557E+01
0.440E+02 0.574E+01
0.450E+02 0.591E+401
0.460E+02 0.608E+01
0.470E+02 0.626E+01
0.480E+02 0.643E+01
0.490E+02 0.661E+401
0.500E+02 0.679E+01
0.510E+02 0.698E+01
0.520E+02 0.716E+01
0.530E+402 0.735E+01
0.540E+02 0.754E+01
0.550E+02 0.773E+01
0.560E+02 0.792E+01
0.570E+02 0.812E+01
0.580E+02 0.832E+01
0.590E+02 0.852E+01

296

R1
0.000E+00
0.423E-04
0.852E-04
0.129e-03
0.172E-03
0.217E-03
0.262E-03
0.307e-03
0.353E-03
0.400E-03
0.447E-03
0.494E-03
0.543€E-03
0.591E-03
0.641E-03
0.691E~-03

0.741E-03 "

0.792E-03
0.844E-03
0.897E-03
0.950E-03
0.100E-02

‘0.10€6E-02

0.111E-02
0.117E-02

0.122E-02

0.128E-02
0.134E-02
0.140E-02
0.146E-02
0.152E-02
0.158E-02
0.164E-02
0.170E-02
0.176E-02

" 0.182E-02

0.189E-02
0.195e-02
0.202E-02
0.208E-02
0.215e-02
0.222E-02
0.229E-02
0.236E-02
0.243E-02
0.250E-02
0.257e-02
0.264E-02
0.272E-02
0.279E-02
0.287E-02
0.294E-02
0.302e-02
0.310E-02
0.318E-02
0.326E~-02
0.334E-02
0.342E-02
0.350E-02
0.359E-02

TABLE A-2-1.

Effective Temperature Drup
and Thermal Contact Resistance
During Start-Up Process

{(Water Coilant, P=0 KPa,

Re=15).
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RE = 15.
PRESSURE (KPa)= 3500.
FLUID :WATER
TINKE DS RS
. 0.000E+00 G.000E+00 0.000E+00
g 0.100E+01 0.573-01 0.186E-04
: 0.200E+01 0.115E+00 0.374E-04
X 0.300E+01 0.174E+00 0.564E-04
K 0.400E+C1 0.234E+00 0.756E-04
0.500E+01 0.294E+00 0.951E-04
0.600E+01 0.355E+00 0.115E-03
0.700E+01 G.415E+Ca 0.135E-03
0.800E+01 0.479E+00 0.155E-03
0.900E+01 0.542E+00 0.175E-03
0.100E+02 0.606E+00 0.196E-03
0.110E+02 0.671E+00 0.217E-03
0.120E+02 0.736E+00 0.238E--03
3 0.130E+02 0.803E+00 0.259E-03
-3 0.140E+02 0.870E+400 0.281E-03
0.150E+02 0.938E+00 0.303E-03
6.160E+02 0.101E+01 0.325E-03
0.170E+02 0.108E+01 0.347E-03
0.18GE+02 ¢.115E+01 0.370E-03
0.190E+02 0.122E+01 0.393E-03
: 0.200E+02 0.129E+01 0.416E-03
0.210E+02 0.136E+01 . 0.440E-03
0.220E+02 0.144E+01 0.464E-03
0.230E+02 0.151E+01 0.483E-03
0.240E+02 3.159E+01 0.512E-93
0.250E+02 0.167E+01 0.537E-03
0.260E+02 (0.175E+01 0.562E-03
0.270E+02 0.182E+01  0.587E-03
0.280E+02 0.190E+01 0.612E-03
0.290E+02 0.198E+01 0.638E-03
0.3002+02 0.207E+01 0.664E-03
0.310E+02 0.215E+01 0.691E-03
0.320E+02 0.223E+01 0.717E-03
0.330E+02 0.232E+0)  ©.745E-03
0.340E+02 0.24CEx+01 0.772E-03
0.350E+02 0.249E+401 0.800E-03
0.360E+02 0.258E+01 0.828E-03
0.370E+02 0.267E+01  0.856E-03
0.380E+02 0.276E+01 0.885E-03
0.390E+02 0.285E+01 0.914E-03
0.400E+02 0.294E+01 0.943E-03
0.410E+02 0.304E+01 0.973E-03
0.420E+02 0.313E+01 0.100E-02
0.430E+02 0.323E+401 0.103E-02
0.440E+02 0.333E+01 0.106E-02
0.450E+02 0.342E+01 0.110E-02
0.460E+02 0.352E+01 0.113E-02
0.470E+02 0.362E+01 0.116E-02
0.480E+02 0.373E+01 0.119E-02
0.490E+02 0.383E+01 6.122E-02
0.500E+02 0.394E+01 0.126E-02
0.510E+02 0.404E+01 0.129E-02
0.520E+02 0.415E+01 0.132E-02
0.530E+02 0.426E+01 0.136E-02
0.540E+02 0.437E+01 0.139E-02
0.550E+02 0.448E+01 0.143E-02
0.560E+02 0.459E401 0.146E-02
0.570E+02 0.471E+01 0.150E-02
0.580E+02 0.482E+01 0.154E-02
0.590E+02 0.494E+01 0.157E-02

TABLE A-2-2.

Effective Temperature Drop-

- and Thermal Contact
Resistance During Start-up
Process {Water Coolant, P=3500

KPa, Re=15).
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15.
PRESSURE (KPa)= 0.

FLUID :WATER

TIME D1 R1

0.120E+03 0.867E+01  0.360E-02

0.1256+03  0.848E+01  0.353E-02

0.130E+03  0.B29E+01  0.346E-02

0.135E+03 0.810E+01 0.339E--02

0.140E+03  0.792E+01  0.333E-02

0.145E+03  §.774E+G1  0.326E-02

0.150E+03  0.756E+01  0.320E-C2

0.155E+03 0.739E+01 0.314E-02

0.160E+03 0.723E+01 0.308E-02

0.165E+403 0.706E+01 0.302E-02

U.170E+03 G.€690E+01 0.296€E-02

0.175E+03 0.675E+01 0.290E-02

0.180E+03 0.660E+01 0.285E-02

0.185E+03  0.645E+01 0.279E-02

0.190E+03 0.630E+01 0.274E-02

0.195E+03 0.616E+01 0.269E-02

0.200E+03 0.602E+01 0.263E-02

0.205E+03 0.589E+01 0.258E-902

0.210E+03 0.575E+01 0.253E-02

0.215E+03 0.562E+01 0.248E-02

0.220E+03 0.550E+01. 0.244E-02 TABLE A-2-3.

0.225E+03 0.537E+01 0.239E--02

g . g§g§+g§ g . 2%22*8% g . %ggg‘gé Effective Temperature Drop

- + - -+ - - .

0.240E+03  0.502E+01  0.225E-02 g‘;fg’ggn"g‘gln‘jﬁ’;,ﬁgcgm_m

0.245E+03  0.4915+01 0.221E-02 Process (Water Coolant. Pe0

0.250E+03 0.480E+01 0.217E-02 KPa. Re=15) o

0.255E+03 0.469E+01 0.212E-02 ’ e

0.260E+03 0.458E+01 0.208E-02

0.265E+03 0.448E+401 0.204E~-02

0.270E+03 U.438E+G1 0.200E-02

0.275E+03 0.428E+01 0.196E-02

0.280E+03 0.4185fpl 0.193E-02

0.285E+03 0.409E+01 0.189E-02

0.290E+03 0.400E+01 0.185E-02

0.295E+03 0.391E+01 G.182E-02

0.300E+03 0.382E+01 0.178E-02

0.305E+03 0.373E+01 0.175E-Q2

0.310E+03 0.365E+01 0.171E-02

0.315E+03 0.357E+01 0.168E-02

0.320E+03 0.349E+01 0.165E-02

0.325E+03 0.341E+01 0.162E-02

0.330E+03 0.333E+01 0.158E-02

0.335E+403 0.326E+01 .0.155E-02

0.340E+03 0.318E+01 0.152E-02

0.345E+03 0.311E+01 0.149E-02

0.350E+03 0.304E+01 0.147E-02

0.355E+03 0.297E+01 0.144E-02

0.360E+03 0.290E+01 0.141E-02

0.365E+03 0.284E+01 0.138E-02

0.370E+03 0.278E+01 0.136E-02

0.375E+03 0.271E+01 0.133E-02

0.380E+03 0.265E+01 0.130E-02

0.385E+03 0.259E+01 0.128E-02

0.390E+03 0.253E+01 0.125E-02

0.395E+03 0.248E+01 0.123E-02

0.400E+03 0.242E+01 0.121E-02

0.405E+03 0.000E+0Q0 0.000E+00
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15.

PRESSURE (KPa)=
FLUID :WATER

TIME
0.120E+03
0.125E+03
0.130E+03
0.135E+03
0.140E+03
C.145E+03
0.150E+03
0.15SE+03
0.160E+03
0.165E+03
0.170E+03
0.175E+03
0.180E+03
0.18SE+03
0.190E+03
0.195E+03
0.200E+03
0.205E+03
0.210E+03
0.215E+03
0.220E+03
0.225E+03
0.230E+03
0.235E+03
0.240E+03
0.245E+03
0.250E+03
0.255E+03
0.260E+03
0.265E+03
0.270E+03
0.275E+03
0.280E+03
0.285E+03
0.290E+03
0.295E+03
0.300E+03
0.305E+03
0.310E+03
0.315E+03
0.320E+03
0.325E+03
0.330E+03
0.335E+03
0.340E+03
0.345E+03
0.350E+03
0.355E+03
0.360E+03
0.365E+03
0.370E+03
0.375E+03
0.380E+03
0.385E+03
0.390E+03
0.395SE+03
0.400E+03

0.4OSB+03_

3500

D5
0.673E+01
0.€58E+01
0.643E+01
0.628E+01
0.614E+01
0.600E+01
0.587E+01
0.574E+01

0.561E+01.

0.548E+01
0.536E+01
0.524E+01
0.512E+01
0.500E+01
0.489E+01
0.478E+01
0.467E+01

-0.457E+01

0.446E+01
0.436E+01
0.427E+01
0.417E+01
0.408E+01
0.398E+01
0.389E+01
G.381E+01
0.372E+01
0.364E+01
0.355E+01
0.347E+01
0.340E+01
0.332E+01
0.324E+02
0.317E+01
0.310E+01

0.303E+01

0.296E+01
0.290E+01
0.283E+01
0.277E+01
0.270E+01
0.264E+01
0.258E+01
0.253E+01
0.247E+01
0.241E+01
0.236E+01
0.231E+01
0.225E+01
0.220E+01
0.215E+01
0.210E+01
0.206E+01
0.201E+01
0.197E+01
0.192E+01
0.188E+01
0.000E+00

RS
0.158E-02
0.155e-02
0.152e-02
0.149E-02
0.146E-02
0.143E-02
0.140E-02
0.138E-02
0.135e-02
0.132E-02
0.130E-02
0.127e-02
0.125e-02
0.122E-02
0.120E-02
0.118E-02
0.115e-02
0.113e-02
0.111E-02
0.109E-02

©0.107E-02

0.105E-02
0.103E-02
0.101E-02
0.988E~03
0.968E-03
0.950E~03
0.931E-03
0.3513E-03
0.896E-03
0.878E-03
0.B61E-03
0.845E-03
0.828E-03
0.812E-03
0.797E-03
0.781E-03
0.766E-03
0.751E-03
0.737e-03
0.723E-03
0.709E-03
0.695€e-03
0.681E~03
0.668E-03
0.655E-03
0.643E-03
0.630E-03
0.618E-03
0.606E-03
0.594E-03
0.583E-03
0.572E-03
0.561E-03
0.550E-03
0.539E-03
0.529E-03
0.000E+00

TABLE A-2-4.

Effective Temperature Drop
and Thermal Contact
Resistance During Shut-iown
Process (Water Coolant,
P=3500 KPa, Re=15).



APPENDIX B-1
OIL COOLANT
HEAT TRANSFER CHARACTERISTICS

Start-Up Process: Table (B-1-1) - (B-1-2)

Shut-Down Process: Table (B-1-3) - (B-1-4)
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RE =

FLUID :0IL

TIME
0.000E+00
6.10CE+01
0.200E+01
0.300E+01
0.400E+01
0.500E+01
0.600E+01
0.700E+01
0.800E+01
0.900E+01
0.100E+02
0.i10E+02
0.120E+02
0.130E+02
0.140E+02
0.150E+02
0.160E+02
0.170E+02
0.180€E+02
0.190E+02
0.200E+02
0.210E+02
0.220E+02
0.220E+02
0.240E+02
0.250E+02
0.260E+02
0.270E+02
0.280E+02
0.290E+02
0.300E+02
0.310E+02
0.320E+02
0.330E+02
0.340E+02
0.350E+02
0.360E+02
C.370E+02
0.380E+02
0.390E+02
0.400E+02
0.410E+02
0.420E+02
0.430E+02
0.440E+02
0.450E+02
0.460E+02
0.470E+02
0.480E+02
0.490E+02
0.500E+02
0.510E+02
0.520E+02
0.530E+02
0.540E+02
0.550E+02
0.560E+02
0.570E+02
0.580E+02
0.590E+02

1250.00
PRESSURE (KPa)= 0.

Nl
0.0090E+00
0.305E-0i
.A12E-01
.922E-01
.124E+00
.155E+00
.187E+090
.219E+400
0.251E+00
0.284E+00
0.317E+00
0.350E+00
0.384E+00
0.418E+00
0.452E+00
0.487E+00
0.521E+00
0.556E+00
0.592E+00
0.628E+00
0.664E+00
0.700E+00
0.737E+00
0.774E+00
0.811E+00
0.849E+00
0.887E+00
V.925E+00
0.964E+00
0.100E+01
0.104E+01
0.108E+01
0.112E+01

CoocCcoo

0.116E+01.

0.120E+01
0.124E+01

0.129E+01

0.133E+01
0.137E+01
0.141E+01
0.146E+01
0.150E+01
0.154E+01
0.159E+01
0.163E+01
0.168E+01
0.172E+01
0.177E+01
0.181E+01
0.186E+01
0.191E+01
0.195E+01
0.200E+01
0.205E+01
0.210E+401
0.215e+01
0.220E+01
0.225E+01
0.230E+01
0.235E+01

ul
0.100E-09
€.750E+00
0.150E+01
0.226E+01
0.302E+01
0.378E+01
0.454E+01
0.530E+01
0.607E+01
0.683E+01
0.760E+01
0.837E+01
0.514E+01
0.991E+01
0.107E+02
0.114E+02
0.122E+02

0.130E+G2.

0.137E+02
0.145E+02
0.153E+02

0.160E+02

0.168E+02
0.176E+02

0.183€E+02

0.191E+02
0.198E+02
0.206E+02
0.213E+02
0.221E+02
0.228E+22
G.235E+G2
0.242E+402
0.250E+02
0.257e+02
0.264E+02
0.271E+402
0.278E+02

0.285E+02

0.292E+02
0.298E+02
0.305E+02
0.312E+02
0.318E+02
0.325E+02
0.331E+02
0.337E+02
0.344E+02
0.350E+02
0.356E+02
0.361E+02
0.367E+02
0.373E+02
0.378E+02
0.384E+02
0.389E+02
0.394E+02
0.400E+02
0.405E+02
0.40%E+02

0.100E+03
0.100E+03
9.100E+03
0.1G0E+03
0.999E+02
0.999E+02
0.999E+02
0.598E+02
0.998E+02
0.997E+02
0.997E+02
0.996E+02
0.995E+02

0.994E+02 .

0.993E+02
0.992E+02
0.991E+02
0.990E+02
0.988E+02
0.987E+02
0.985E+02
0.984E+02
0.982E+02
0.980E+02
0.978E+02
0.976E+02
0.974E+02
0.972E+02
0.970E+02
0.967E+02
0.965E+02
0.962E+02
0.960E+02
0.9S7E+02
0.954E+02
0.951E+02
0.948E+02
0.945E+02
0.941E+02:
0.938E+02
0.935E+02
0.931E+02
0.927E+02
0.923E+02
0.920E+02
0.916E+02
0.911E+02
0.907E+02
0.903E+02
0.899E+02
0.894E4+02
0.890E+02
0.885E+02
0.880E+02
0.875E+02
0.870E+02
0.865E+02
0.860E+02
0.855E+02
0.850E+02

TABLE B-1-1.

leat Transfer
Characteristics
During Start-Up

Process (0il

Coolant, P=0 KPa,

Re=1250).



RE = 1250.00
PRESSURE (KPa)= 3500.
FLUID :0IL
T1ME NUS
0.000E+0Q0 0.000E+00
0.100E+401 0.490E-01
0.20GE+0O1 0.984c-01
0.300E+01 0.148c+00
0.400E+01 0.199E+00
0.500E+01 0.249E+09
0.800E+01 0.300E+00
0.700E+01 0.352E+0C
" 0.800E+01 0.404E+00
0.900E+01 0.457E+00
0.100E+92 0.510E+00
C.110E+02 0.563E+00
0.120E+02 0.617E+00
0.130E+02 0.672E+00
0.140E+02 0.727E+00
0.150E+02 0.782E+00
0.160E+02 0.838E+00
0.170E+02 0.894E+00
0.180E+02 0.951E+400
0.190E+02 0.101E+01
0.200€E+02 0.107E+01
0.210E+02 0.113E+01
0.220E+02 0.118E+401
0.230E+02 0.124E+01
0.240E+02 '0.130E+01
G.250E+02 0.136E+401
0.260E+02 0.143E+01
0.270E+02 0.149E+01
0.280E+02 0.155E+401
0.290E+02 0.161E+01
9.200E+02 0.167E+C1
0.310E+02 0.174E+91
0.320E+02 0.180E+01
0.330E+02 0.187E+0%}
0.340E+02 0.193E+401
0.350E+02 0.200E+01
0.360E+02 0.207E+01 .
0.370E+02 0.213E+01
0.380E+02 0.220E+01
0.390E+02 0.227E+01
0.400E+02 0.234E+01 -
0.410E+402 0.241E401
0.420E+02 0.248E+401
0.430E+02 0.255E+01
0.440E+02 0.262E+01
0.450E+02 0.269E+01
0.460E+02 0.277E+401
0.470E+02 0.284E+01
0.480E+02 0.291E+01
0.490E+02 0.299E+01
0.500E+02 0.306E+01
0.510E+02 0.314E+01
0.520E+02 0.322E+01
0.530E+02 0.329E+01
0.540E+02 0.337E+01
0.550E+02 0.345E+01
0.560E+02 0.353E+01
0.570E+02 0.361E+01
0.580E+02 0.369E+01
0.590E+02 0.377E+01

302

us
0.100E-09
0.120E+401
0.241E+01
0.361E+01
.481E+01
.602E+01
.722E+01
.842E+01
0.962E+01
0.108E+02
0.120E+02
0.132E+02
0.144E+02
0.156E+02
0.168E+02
0.179E+402
0.191E+02
0.203E+02
0.215E+02
0.226E+02
0.238E+02
0.250E+02
0.261E+402
0.272E+02

e NeNoNe]

-0.284E+02

0.295E+402
0.306E+02
0.318E+02
0.329E+02
0.340E+02
0.251E+02
0.362E+402
0.373E+02
0.383E+C2
0.394E+02
0.405E+02

0.415e+02 -

0.425E+02
0.436E+02
0.446E+02
0.456E+02
0.466E+02
0.476E+02
0.486E+02
0.495E+02
0.505S€E+02
0.514E+402
0.524E+02
0.533E+02
0.542E+02
0.551E+02
0.559E+02
0.568E+02
0.577E+02
0.585E+02
0.593E+02
0.601E+02
0.609E+02
0.617E+02
0.625E+02

0.100E+03
0.100E+03
0.100E+03
0.100E+03
0.100E+03
0.99%9E+02
0.995E+02
0.399E+02
0.998E+02
0.998E+02
0.998E+02
¢.997E+02
0.997E+02
0.996E+02
0.995E+02
0.994E+02
0.994E+02
0.993E+02 .
0.992E+02
0.991E+02
0.990E+02
0.98%E+02
0.988E+02
C.987E+02
0.985E+02
0.984E492
0.983E+02
0.981E+02
0.980E+02
0.978E402
0.976E+402
0.975E+02
0.973E+02
0.971E+02
0.969E+02

0.967E+02

0.965E+02
0.963E+02
0.961E+02
0.958E+02
0.956E+02
0.954E+02
0.951E+02
0.949E+02
0.946E+02
0.944E+02
0.941E+02
0.938E+02
0.935E+02
0.932E+02
0.929E+02
0.926E+02
0.923E+02
0.920E+02
0.917E+02
0.913E+02
0.910E+02
0.906E+02
0.903E+02
0.899E+02

TABLE B-1-2.

Heat Transfer

Characteristics
During Start-Up

Precess (Cil

Coolant, P=3500

KPa, Re=1230).



303,

RE =  1250.00
PRESSURE (KPa)= 0.

FLUID :0IL

TIME NU1 Ul % uUl/vl

0.120E+03  0.961E+00 0.421E+02 0.850E+02

0.125+03  0.910E+90 0.409E+02 0.8£56E+02

0.130E+403  0.852E+00 ©0.397E+02 G.863E+02

0.135£403  0.817E+00 0.386E+02 G.B69E+02

0.140E+03  0.774E+00  0.374E+«02 0.875E+02

0.145E+03  0.733E+00 0.363E+G2 0.881E+02

0.150E+03  0.694E+00  0.352E+02 C.887E+02

C.155E+03  0.658E+00  0.341E+02 0.8S2E+02

0.160E+03  0.6235400  0.330£+62 0.897E+02

0.16SE+03  $.590E+00 0.319E+02 0.302E+02

0.170£+03  0.559E+00 0.308E+02 0.907E+02

0.175E+03  0.530E+00 0.298E+02 0.912E+02

0.180E+03  0.502E+00 = 0.288E+02 0.916E+02

0.185+03  0.475£+00 0.278E+02 0.920E+02

0.190E+03  0.450E+00 0.269E+02  G.924E+02

0.195E+403  0.427E+00 0.259E+02  0.928E+02

0.200E+03  0.404£E+400  0.250E+02  0.932E+02

0.20S5E+03  0.383E+00  0.241E+02  0.935E+32

0.210E+03  C.363E+00 0.232E+02 0.939E+02

0.215E+03  0.344E+00 0.224E+02  0.942E+02

0.220E+403  0.325E+400 0.216E+02 0.945E+02

0.225e+03  C.308E+00 - 0.208E+02 0.948E+02

0.230E+03  €.292E+00  0.200E+02 0.951E+02 TABLE B8-1-3.
0.235£+403  0.277E+00  0.193E+02  0.953E+02

U.2402+03  0.2€22+00  0.185E+02  0.Y56E+02 Heat Transfer
0.245E403  0.24BE+00  0.17BE+02  0.958E+02 (haracteristics
0.250E+03  0.235E400 0.171E+02  0.961E+02 pnyrina Shit -Down
0.255E+03  0.223E+00  G.165E+02  0.963E+02 procecs (0il
0.260E+03  0.211E+00  0.158E+02  0.965E+02 Coolant. P=0 Kia
0.265E+03 0.200E+00 0.152E+02 0.967E+02 R@ﬂzsoi !
0.270E+03  0.1B9E+00 0.146E+02 0.959E+02 )
0.275E+03  0.179E+00  0.14GE+02 0.S70E+02

0.280E+403  0.170E+00  0.135E+02 0.972E+02

0.285E+403  0.161E+00, 0.129E+02 3.974E+02

0.290E+03  0.153E+00 0.124E+02 0.97SE+02

0.295E+03  0.145E+00 ~ 0.119E+02 0.976E+02

0.300E+03  0.137E+00 0.114E+02 0.978E+02

0.305E403  0.130E+00  ©0.110E+02 0.979E+02

0.310E+03  ©.123E+00 0.105E+02 0.980E+02

0.315E403 0.116E+00 0.101E+02 0.981E+02

0.320E+03  0.110E+00 0.969E+01 0.982E+02

0.325E+03  0.104E+00 0.930E+01 0.983E+02

0.330E+03  0.989E-01 0.891E+01  0.984E+02

0.335E+403  0.937E-01  0.855E+01 0.985E+02

0.340E+403  0.888E-01 0.819E+01 0.986E+02

0.345E+03  0.841E-01 O0.785E+01  0.987E+02

0.350E+03  0.797E-01  0.753E+01 0.988E+02

0.355E+03  0.755E-01 0.721E+01 0.988E+02

0.360E+03  0.715E-01 0.691E+01 0.989E+02

0.365E403  0.677E-01 0.662E+01  0.990E+02

0.370E+03  0.642E-01 0.634E+01 0.9S0E+02

0.375E+03  0.608E-01 0.608E+01 0.991E+02

0.380E+03  0.576E-01 0.582E+401 0.991E+02

0.385E+03  0.54S5E-01  0.558E+01  0.992E+02

0.390E+03  0.517E-01 0.534E+01 0.992E+02

0.39S5E+03  0.489E-01 0.511E+01 0.993E+02

0.400E+03  0.464E-01 0.490E+01  0.993E+02

0.405E+03  0.000E+00 0.000E+00 0.000E+00

0.000E+00  0.000E+00 0.000E+00 0.000E+00

0.000E+00  0.000E+00 0.000E+00 0.000E+00



RE =

TIME
0.120E+03
0.125E+03
0.130E+403
0.135E+03
0.140E+03
0.145E+03
0.150E+03
0.155E+903
0.169E+03
0.155E+03
0.170E+03
0.17%E+03
0.180E+03
0.185E+03
0.190E+03
0.195E+03
0.200E+03
0.205E+03
0.210€E+03
0.215E+03
0.220E+03

.225E+03
0.2320E+03
0.235E+73
0.240E+03
0.245E+03
0.250E+03
0.255E+03
0.260E+03
0.265E+03
0.270£-03
0.275E+03
0.250E+03
0.285C+03

"0.290E+03
0.295E+03
0.300E+03
0.305E+03
0.31CE+03
0.315E+03
0.320E+03
0.325E+03

0.330E+03

0.335E+03
0.340E+03
0.345E+03
0.350E+03
0.355E+03
0.360E+03
0.365E+03
0.370E+03
0.375E+03
0.380E+03
0.385E+03
0.390E+03
0.395E+03
0.400E+03
0.405E+03
0.000E+00
0.000E+00

1250.00
PRESSURE (KPa)=
FLUID :0IL

NUS
G.219e+01
0.208E+01
0.197E+01
0.186E+401
0.176E+01
0.167E+01
0.158E+01
6.350E+01
0.142E+C1
0.135E+01
0.128E+01
0.121e+4901
0.114g+01
0.108E+01
0.103E+01
0.973E+00
0.922E+400
0.873E+90
0.827E+00
G.783E+00
0.742E+00

0.703E+00 °

0.6356E+00
0.631E+00
0.598E+400
0.566E+00
0.536E+00
0.508E+00
0.481E+00
0.456E+00
C.432E+00
0.409€E+00
0.388E+00
0.3678+00
0.348E+00

0.329E+00
0.312E+00 .

0.296E+00
0.280E+00
0.265E+00
0.251E+00
0.238E+00
0.226E+00
0.214E+400
0.202E+00
0.192E+00
0.182E+00
0.172E+00
0.163E+00
0.154E+400
0.146E+00
0.139E+00
0.131E+00
0.124E+00
0.118E+00
0.112E+400
0.106E+00
0.000E+00
0.000E+00
0.000E+00

3500.

0000000V O0OCOOONODOO0O0DO0ODOCOOODCNO

304

us
.651E+02
.633c+02
.615E+02
.598E+02
.S580E+02
.563E+02
.546E+02
.S30E+22
.513E+02
.497€E+02
.481E+02
.465E+02
.450E+02
.-435E+02
.421E+02
.406E+02
.392E+02
.379E+02
.365E+02
353E+402
.340E+02

.316E+02
.304E+02
.293E+02
.282E+G2
LZ271E+02
261E+02
251E+02
.242E+02
.232E+02
0.223E+02
0.215E+02
0.206E+02
0.198E+02
0.190E+02
0.183E+02
0.176E+02
0.168E+02
0.162E+02
0.155E+02
0.149E+02
0.143E+02
0.137E+02
0.131E+02
0.126E+02
0.121E+02
0.116E+02
0.111E+92
0.107E+32
0.102E+02
0.979E+01
0.938E+01
0.899E+01
0.861E+01
0.825E+01
0.790E+01
0.000E+00
0.000E+00
0.000E+00

.328E+02

0.901E+02
0.905E+02
.909E+02
.913E+02
.917E+02
.921E+02
325E+02
L928E+02
.932E+02
.935E+02
0.938E+02
0.941E+02
0.944E+02
0.947E+02
0..949E+02
0.952E+02
0.954€E+02
C.257€E+02
0.959E+02
0.961E+02
0.963E+02
0.965E+02
0.967E+402
0.969E+02
0.970E+02
0.972E+02
0.973E+02
0.975E+02
0.976E+02
0.977e+02
0.379E+02
0.980E+02
0.981E+402
0.982E+02
0.983E+02
C.984E+02

0OODOOO0OO0O0GC

. 0.985E+02

0.986E+02
0.986E+02
0.987E+02
0.988E+02
0.989E+02
0.989E+02
0.990E+02
0.990E+02
0.991E+02
0.992E+02
0.992E+02
0.992E+402
0.993E+402
0.993E+02
0.994E+02

0.994E+02

0.994E+02
0.995E+02
0.995E+02
0.995E+02
0.000E+00
0.000E+00
0.000E+00

TABLE B-1-4.

[feat Transfer

Characteristics
During Shut-Dcwn

Process (0il

Coolant, P=3300
KPa, Re=1250).




APPENDIX B-2
OIL COOLANT

THERMAIL CONTACT RESISTANCE AND AFFECTIVE

TEMPERATURE DROP

Start-Up Process: Table (B-2-1) - (B-2-2)

Shut-Down Process: Table (B_-2-3) - (B-24)
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RE = 1250.

PRESSURE (KPa)= 0.
FLUID :0QIL
TIME Cl

0.00CE+0O 0.000E+0QO
0.100E+01 0.966E-01
0.200E+01 0.1945+06
0.300E+01 0.293E+00
0.400E+01 0.394E+00
C.S00E+01 0.495E+00
0.600E+01 0.5%58£+00
G.700E+01 0.702E+00
0.800E+91 0.807e+00
C.900E+01 0.914E+400
0.100E+92 0.102E+01
0.110E+02 0.113E+01
0.120E+02 0.124E+01
0.130E+02 0.135E+01
0.149E+02 0.147E+01
0.150E+02 0.158E+01°
0.160E+02 0.170E+01
0.170E+02 0.181E+01
0.180E+02 0.193E+01
0.190E+02 0.205E+01
0.200E+02 0.218E+401
0.210E+02 0.230E+01
0.220E+02 0.242E+401
0.230E+02 0.255E+01
0.240E+02 0.268E+C1
0.250E+02 0.281E+01
0.260E+02 0.294E+401
0.270E+02 0.307E+01
0.280E+02 0.321E+01
0.290E+02 0.334E+01
0.300E+02 0.348E+01
3.310E+02 U.362E+01
C.320E+02 0.376E+01
9.330E+02 0.390E+01
0.340E+02 0.405E+01
0.350E+02 0.419E+01
0.360E+02 0.434E+01
0.370E+02 0.449E+01 "
0.280E+02 0.464E+01
0.390E+02 0.480E+01
0.400E+02 0.495E+01
0.410E+02 0.511E+01
0.420E+02 0.527E+01
0.430E+402 0.543E+01
0.440E+02 0.559E+01
0.450E+02 0.576E+401
0.460E+02 0.593E+01
0.470E+02 0.609E+01
0.480E+02 0.627E+01
0.490E+402 0.644E+01
0.500E+02 0.662E+01
0.510E+02 0.679E+01
0.5S20E+02 0.697E+01
0.530E+02 0.716E+401
0.540E+02 0.734E+01
0.550E+02 0.753E+01
0.560E+02 0.772E+01
0.570E+02 0.791E+01
0.580E+02 0.810E+01
0.590E+02 0.830E+01

Rl
0.000E+00
G.428E-04
0.861e-04
0.130E-03
0.174E-03
0.219e-G3
J.265E-03
0.311E-03
0.358E-03
0.405€g--03
0.452E-03
0.501e-03
0.550E-03
0.599g-023
0.650E-03
0.700E-03
0.752e-03
G.804E-03
0.856E-03
0.910E-03
0.964£-03
0.102E-02
0.107E-02
0.113r-02
6G.1198-02
0.124€E~02
0.13CE-02
0.136E-02
0.142E-02
0.148E-02
0.154E-02
0.160E-0Z
0.167E-02
0.173E-02

‘0.179E-02
.0.186E-02

0.192E-02
0.199E-02
0.206E-02
0.212E-02
0.219E-02
0.226E-02
0.233E-02
0.240E-02
0.248E-02
0.255E-02
0.262E-02
0.270E-02
0.278E-02
0.285E-02
0.293E-02
0.301E-02
0.309E-02
0.317E-02
0.325E-02
0.333E-02
0.342E-02
0.350E-02
0.359E-02
0.367E-02

TABLE B-2-1.

Effective Temperature Drep
and Thermal Contact Resistance
During Start-Up Process (0il
Coolant, P=0 KPa, Re=1259).
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RE = 1250.

PRESSURE (KPrPa)= 3500.

FLUID :Q1IL

TIME DS RS

0.000E+00 0.000E+00 0.000E+00

0.100e+«01 0.550E-01 0.188E-04

0.200E+01 0.113€+00 0.378E-04

0.300E+01 0.170E+00 0.570E-04

C.400E+01 0.228E+00 0.765E-04

0.500E+C) 0.287£+00 0.962E-04

0.¢0CE+01 '3.34€0+00 0.116E-03

0.7GCE+01 0.4C7E+00 G.136E-03

¢.800E+01 0.468E+00 0.157E-03

C.900E+01 N.529£+00 0.177e-03

0.100E+02 G.592E+00 0.1988-03

0.110E+02 C.655E+00 0.220E-03

0.120E+02 0.719E+00 0.241E-03

C.130E+02 N.784E+00 0.263E-03

0.140E+02 0.849€E+00 0.285E-03

0.150E+02 0.916E+00 0.307E-03

0.160E+02 0.983E+00 0.330E-03

0.170E+02 0.10SE+01 0.352E-03

0.180E+02 0.112+0C1 0.375E-GC3

0.190E+02 0.119E+01 0.399E-03

0.200E+02 0.126E+01 0.422E-03

0.210E+02 0.133E+01 0.446E-03 TABLE B-2-2.
0.220E+02 0.140£+01 0.471E-03

0.230E+02 0.148E+01 0.495E-03 Effective Temperature Drop
0.240E+02 0.15%E+01 0.520E-03 and Thermal Contact
0.253E+02 0.163E+01 0.545E-03 Resistance mri_ng Stan—up
0.260E+02 . 0.170E+01 0.571=-03 Process (0il Coolant,
0.270E+02 0.178E+01 0.596E-03. = %2 De=
0.280E+02  0.186E+01 0.622E-03 p=3500 Kpa, Re=1250).
0.290E+02 0.194E+01 C.649E-03

0.30CE+02 0.202E+01 0.€76E-02

0.310E+02 0.210+01 6.793=-03

0.320E+02 0.218E+01 0.73CE-03

0.330E+02 0.226E+01" 0.758E-C3

0.340E+02 0.234E+01 0.786E-03

0.350E+02 0.243E+01 ‘0.814E-03

0.360E+02 0.252E+01 - 0.843E-03

0.370E+02 0.260E+01 0.872E~03

0.380E+02 0.269E+01 0.902E-03

0.390E+02 0.278E+01 0.931E-03

0.400E+02 0.287E+01 0.962E-03

0.41CE+02 0.296E+01 0.992E-03

0.420E+02 0.305E+01 0.102E-02

0.430E+02 0.315E+01 0.105E-02

0.440E+402 0.324E+01 0.109E-02

0.450E+02 0.334E+01 0.112e-02

0.460E+02 0.343E+01 0.115g-02

0.470E+02 0.353E+01 0.118E-02 .

0.480E+02 0.363E+01 0.122E-02

0.490E+02 0.373E+01 0.125E-02

0.500E+02 0.383E+01 0.128E-02

0.510E+02 0.394E+01 0.132E-02

0.520E+02 0.404E+01 0.135E-02

0.530E+02 0.415E401 0.139E-02

0.540E+02 0.425E+01 0.143E-02

0.550E+02 0.436E+01 0.146E-02

0.560E+02 0.447E+01 0.150E-02

0.570E+02 0.458E+401 0.154E-02

0.580E+02 0.469E+01 0.157E-02

0.590E+02 0.481E+01 0.161E-02



RE = 1250.
PRESSURE (KPa)= 0.
FLUID :0IL

TIME D1
0.120E+03 0.859E+01
0.125E+03 0.880E+01
0.130E+03 0.862E+01
0.135E+03 0.844E+01
0.140E+03 0.827E+01
C.145E+03 0.810E+01
0.15VE+02 0.733c+01
0.155E+03 0.777E-01
0.160E+03 0.761lE+01
0.165E+03 0.74S€E+01
0.170E+03 0.730E+01
C.175E+03 0.715E+01
0.180E+03 0.700E+01
0.185E+03 0.686E+01
0.190E+03 0.672E+01
0.195E+03 0.658E+01
0.200E+03 0.645E+01
0.205E+03 0.631E+01
C.210€E+C3 C.618E+01
0.215E+03 0.606E+01
0.220E+03 0.593E+01
0.225E+03 0.581E+01
0.230E+03 0.569E+01
0.235e+03 0.557E+01
0.240E+03 0.546E+01
0.245E+03 0.535E+01
0.250E+03 0.524E+01
0.255E+03 0.513E+01
0.260E+03 0.502E+01
0.265E+03 0.492E+01
9_.270E+03 0.482E+01
0.275E+03 0.472E+01
0.280E+03 0.462E+01
0.285E+03 0.453E+01"-
0.290E+03 0.443E+01
0.295E+03 0.434E+01
0.300E+03 0.425E+01 -
0.305E+03 0.417E+01
0.310E+03 0.408E+01
0.31SE+03 0.400E+01
0.320E+03 0.391E+01
0.325E+03 0.383E+01
0.330E+03 0.375E+01
0.335E+03 0.368E+01
0.340E+03 0.360E+01
0.345E+03 0.353E+01
0.350E+03 0.346E+401
0.35SE+03 0.338E+01
0.360E+03 0.331E+01
0.365E+03 0.325E+01
0.370E+03 0.318E+01
0.375SE+03 0.311E+01
0.380E+03 0.305E+01
0.385E+03 0.299E+01
0.390E+03 0.293E+01
0.395E+03 0.287E+01
0.400E+03 0.281E+01
0.405E+03 0.000E+00
0.000E+00 0.000E+00
0.000E+00 0.000E+00

Rl

0.375e--02
0.368E-02
0.362e-02
0.356E-02
0.350E-02
0.344E-02
.338E-02
0.333e-02
0.327e-02
0.322e-02
0.316E-02
0.311e-02
0.306E-C2
0.300E-02
0.295E-02
0.290E-02
0.286E-02
0.281E-02
0.276E-02
0.271E-02
0.267E-02
0.262E-02
0.258E-02
0.254e-02
0.249E-02
0.245e-02
0.241E-02
0.237E-02
0.233e-02
0.229e-02
0.225E-02
0.221E~-02
0.218E-02
0.214E-02

- 0.210E-02

0.207E-02
0.203E-02
0.200E-02
0.197E-02
0.193E-02
0.190E-02
0.187E-02
0.184e-02
0.181E-02
0.178E-02

‘0.175E-02

0.172E-02
0.169E-02
0.166E~-02
0.163E-02
0.160E-02
0.158E-02
0.155e-02
0.153e-02
0.150E-02
0.147E-02
0.145e-02
0.000E+00
0.000E+00
0.000E+00

TABLE B-2-3.

Effective Temperature Drop
and Thermal Ccntact
Resistance During Shut-Cown
Process (Cil Coolant, P=C
KPa, Re=1250).
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RE = 1250.
PRESSURE (KPa)= 3600.
FLUID :0IL
TIKE DS RS
0.120E+03 0.692E+01 0.150E-02
0.125E+903 0.677E+01 0.158&-02
0.130E+03 0.663E+01 0.155E-02
0.135E+03 0.650E+01 0.152E-02
0.140€+03 0.636E+01 0.150E~-02
0.145F+40C3 0.623E+01 0.147e-02
0.150E~+C3 0.610E+01 0.145E-62
0.155E+03 ~ 0.598E+01 0.142e-02
0.160E+D3 C.586E+01 0.140E-G2
0.165E+903 0.574E+01 ° 0.138E-02
0.170E+03 0.562E+01 0.135e-02
0.175E+03 0.S550E+01 0.133e-02
0.180E+03 0.539E+01 0.131e-02
0.185:5+¢C3 0.528E+01 0.129e-02
0.190E-03 0.517E+01 0.126e-02
0.195E+03 0.506E+01 0.124e-02
0.200E+03 0.496E+01 0.122e-02
0.205E+03 0.486E+01 0.120e-02
0.210E+03 0.476E+01 0.118e-02
0.215E+03 0.466E+01 0.116E-02
0.220E+03 0.456E+01 0.114E-02
0.225E+03 0.447E+01 0.112E-02 TABLE DB-2-4.
C.230E+03 0.438E+01 0.110E-02
0.235E+03 0.429E+01 0.1CG9E-C2 Effcctive Temperature D:-Qp
0.240E+03  0.420E+01  0.107E-02 and Thermal Contact
0.245E403  0.411E+01  0.1058-02  pesistance During Shut-Down
0.250E+03 0.403E+01 0.103E-02 Process (0il Coolant
0.260E+03 0.386E+01 0.998E-03 ! )
0.265E+03 G.379E+01 0.921e-03
0.270E+03 0.371E+401 0.9€4E-03
0.275E+03 0.363E+01 0.948E-03
0.280E+03 0.356E+01 0.932E-03
0.28%E+03 0.348E+01- 0.917E-03
0.290E+03 0.341E+01 0.901E-03
0.295E+03 0.334E+01 0.886E-03
0.300E+03 0.327E+4+01  0.871E-03
0.305E+03 0.321E+01 0.857E-03
0.310E+03 0.314E+01 0.842E-03
0.315E+03 0.308E+01 0.828E-03
0.320E+03 0.301E+01 0.814E-03
0.325E+03 0.295E+01 0.800E-03
0.330E+03 0.289E+01 0.787E-03
0.335E+03 0.283E+01 0.774E-03
0.340E+03 0.277E+01 0.761E-03
0.345E+03 0.271E+01 - 0.748E-03
0.350E+03 0.266E+01 0.735E-03
0.355E+03 0.260E+01 0.723E-03
0.360E+03 0.255E+01 0.711E-03
0.365E+03 0.250E+01 0.699E-03
0.370E+03 0.245E+01 0.687E-03
0.375E+03 0.240E+01 0.676E-03
0.380E+03 0.235E+01 0.664E-03
0.385E+03 0.230E+01 0.653E-03
0.390E+03 0.225E+01 0.642E-03
0.395E+03 0.221E+01 0.631E-03
0.400E+03 0.216E+01 0.621E-03
0.405E+03 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00
0.000E+00 0.000E+00 0.000E+00



8
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PART 1: EXAMPLES OF TEMPERATURE DISTRIBUTION DURING

START-UP PROCESS WITH OIL COOLANT

TABLE (C-1) - TABLE (C-2)
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TABLE C-1. Examples of Temperature Distribution During
Start-Up Process with Cil Coolanc (P=0 KpPa,
Re=15).

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME = 10.00 ’
ENDING TINE = 20.00

AVERAGEZ TEMPERATURE = 72.45¢
PRESURE= 0.0 xpPa

REYNOLD’S NUMBER= 0.1S000E«02
COOLANT:OIL -

91.029 89.91°2 83.010 87.702 86.592 85.483 84.37%4 83.264¢ 82.155
89.009 87.897 86.785 85.673 84.562 83.450 82.338 81.226 80.114
86.839 85.726 84.€14 83.501 82.388 81.276 80.163 7?.050 77.927
84.756 83.641 82.527 81.412 80.297 79.182 78.067- 76.553 75.838
82.622 81.506 80.389 79.273 78.157 77.040 75.924 74.808 73.692
80.588 75.468 78.349 77.239 76.;11 74.991 73.872 72.753 71.634
73.346 77.227 76.107 14.988 73.568 72.749 71.630 70.510 69.39:
75.310 14.292 73.094 71.986 70.878 69.771 68.663 67.555 66.4847
73.040C 71.933 70.826 69.718 68.611 67.504 66.397 65.289 66.182
70.741 69.633 68.529 67.423 66.317 65.210 64.104 62.998 61.892
67.414 €6.32¢ €3.228 61.142 63.0561 §1.972 60.884 89.795 €8.707
62.700 61.654 690 60E £9.561 58.51% 57.469 $6.422 €8.376 5¢.33¢2

ELECTRQDE TEMPERATURE DISTRIBUTION .

STARTING TIME « 20.00 .o ’

ENDING TIME « 30.00

AVERAGE TEMPERATURE = 81.694

PRESURE= 0.0 KPa

REYNOLD’S MUMBER= 0.35000E+02
COOLANT:OIL

102.898 101.644 100.390 99.137 97.883 96.629 95.375 94.121 92.868
100.838 99.578 98.319 97.059 95.799 94.540 $3.280 92.021 90.761
98.457 97.195 95.933 94.672 93.410 92.149 90.887 89.626 88.364
96.265 94.998 93.732 92.466 91.200 89.93¢ 88.668 87.402 86.13%
93.956 92.687 91.417 90.148 86.578- 87.609 86.340 85.070 83.801
91.877 90.601 89.325 88.049 86.773 85.497 84.221 82.945 81.669
89.370 88.093 86.816 85.539 84.263 82.986 81.709 00.432 79.155
85.023 83.%73 82.522 81.271 80.020 78.770 77.519 76.268 75.017




N

TABLE

82.417
79.744
74.767
6§6.35S5 .

C-1. Continued.

81.167
78.4%7
73.560

65.723

79.918
77.250
72.353

C 64,6237

78.668
76.0013
71.148
61.508

77.419
14.756
$9.919
€2.392

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME « 30.00
ENDING TIME = 40.00

AVERAGE TEMPERATURE = 92.659
PRESURE~

REYNOLD’S NUMBER= 0.15000E+02
COOLANT:01IL
116.999 115.574 114.148 112.722 111.297
114.890 113.454 112.019 110.584 109.149
112.263 110.824 109.386 107.947 106.509
109.947 108.501 107.0S5 195.6C9 104.163
1€7.432 105.980 104.529 103.077 101.626
105.313 103.850 16z.388 100.925 93.462
102.537 101.072 99.607 98.142 9§.677
96.546 95.126 93.70¢ 92.28% 90.8€5
23.336 2.118 fu.700 89.282 §7.864
90.413 85.0C0 87.586 86.172 84.758
83.396 82.050 30.703 79.357 78.011
71.698 70.501 69.30S 68.108 66.912
ELECTROCE TEMFERATURE DISTRIBUTION
STARTING TIME = 40.00
ENDING TIMZ = 50.00
AVERAGE TEMPERATURE =105.720
PRESURE=~ 0.0 KPa
REYNOLD*S NUMBER= 0.15000E+02
COOLANT:0IL
133.815 132.185 130.554 128.924 127.292
131.64S 130.061 128.356 126.712 125.067
128.732 127.083 125.433 123.784 122.13¢
126.277 124.616 122.955 121.294 119.634

0.0 KPa

7€.170
72.509
65.732

1.278

L 3

193.871
107.714
105.070
102.7227
100.178
98.000
95.212
89.445
8G.446
33.344
76.664

. 65.715

125.663
123.423
120.485
117.973

74.9220
72.262
67.52¢
50.161

108.445
106.279
103.632
101.271
98.723
96.537
93.747
38.02¢
5%.028
81.931
75.318
64.519

124.032
121.779
118.835
116.312

73.672
71.015
66.317
£9.045

107.020
104.844¢
102.193
89.824
97.272
95.074
92.282
85.504
83.510
6C.517
73.971
€3.322

122.402
120.134
117.186
114.651

1€5.594

103.40¢

100.755
98.37¢
95.82¢
93.63i2
90.81?
85.194
32.182
79.1382
72.623-
62.226

120.771
118.495¢
115.536
112.990
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TABLE C-1. Continued.
123.5158 121.847 120.178 112.509 116.840
121.365 119.679 117.97%4 116.}08 114.623
118.323 116.62% 1 114.944 113.253 111.5%13
110.267 108.645 107.023 105.400 103.778
106.771 105.153 103.534 101.915 100.297
103.105 101.493 99.s80  38.268 96.658
93.553 92.043 90.532 ~ 89.022 87.511
47.337 76.047 74.756  73.466 72.175
ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME = $0.00
ENDING TIME = 60.00
AVERAGE TENRPERATURE =121.337
PRESURE= 0.0 KPa
REYNOLD’S NUMBER= 0.150005002
COOLANT:0TL
153.949 152.073 150.197 148.321 146.446
151.703 149.809 147.913 146.019 144.124
148.457 146.555 144.652 142.750 140.848
45,844 143.928 142.007 140.082 138.171
142.787 140.238 133.929 127.0C0 12£.070
140.619 138.666 136.713 134.760 132.807
137.337 135.37¢ 133.412 131.450 129.488
126.667 124.804 122.941 121.0%3 119.214
122.586 120.728 118.369 117.031 115.152
118.260 116.411 114.561 112.712 110.863
10€.547 103.842 102.138 100.434 98.730
83.904 82.504 81.104 79.704 78.304

ELECTRODE TENMPE

STARTING TIME = 60.00
ENDING TIfE = 70.00

AVERAGE TEMPERATURE

PRESURE=

REYNOLD'S NUNBER=-

COOLANT:0IL

0.0 KP

«140.085
a -
0.15000E+02

RATURE DISTRIBUTION

115.172
112.937
109.872
102.156

98.678 -

95.044
86.001
70.884

144.570
142.229
138.946
136.252
133.142
130.8548

127.525.

117.350
113.294
109.014
97.026
76.904

112.503
111.252
108.182

;00.534

97.059
93.431
84.490
€69.594

142.594
140.334
137.043
132.334
135.222
128.901
125.563
115.487
111.436
107.164

95.322

75.503

111.83¢
109.566
105.491
93.912
95.441
91.819
82.980
68.303

140.818
138.439
135.141
132.416
129.283
126.948
123.601
113.624
109.577
105.315

93.618

74.103

110.1£32
107.68.
104.809
93.239v
93.822
90.207
81.469
67.013

138.942
136.544
133.239
130.49¢
127.35¢
124.995
121.639
111.760
107.71¢
103.466

91.913

72.703

ORIGINAL, PASE IS

OF POORQUALITY
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TABLE C-1. Continued. .

178.154 175;983 173.812 171.641 16?.‘70 167.300 165.129 '162.958 1&0.76%
175.814 172.612 171.422 169.225 167.029 154.833 162.637 160.441 158.2¢%
172.177 169.971 167.755 165.559 163.352 161.146 158.940 156.734 154.325
169.384 167.156 164.928 162.701 160.473 158.245 156.017 153.789 151.561
165.972 163.730 161.487 159.245 157.002 154.760 162.518 150.27?5 148.022
163.806 161.531 159.256 156.981 154.706 152.431 150.156 147.881 145.60%
160.327 158.036 155.745 153.455 151.164 148.873 146.583 144.292 142.00:
146.351 144.198 142.045 139.892 137.739 135.58% 133.433 131.280 119.127
141.359 129.413 137.267 135.121 132.975 130.829 128.683 123.537 124.391
136.429 124.235 132.162 130.029 127.895 125.762 123.629 121.495 115.362
115.758 117.825 115.891 113.958 112.024 110.091 108.157 106.224 104.290
91.557 90.029 88.501 86.973 85.445 83.917 82.13s0 80.862 79.33¢4

OF poqn"QuALm
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TABLE C-2. Examples of Temperature Distribution During
Start-Jp Process with 0il Coolant (P=3500,

Re=15).

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME « 10.00 -

ENDING TIME = 20.00

AVERAGE TEMPERATURE = 74.50%
PRESURE= 3500.0 KPa

REYNOLD'S NUMBER= 0.15000E+02
COOLANT:gil "

91.029 %0.107 89.186 88.264 87.343 86.421 85.500 84.578 83.657
89.197 88.273 87.350 86.426 85.502 84.578 83.65S 82.731 81.807
87.216 86.291 85.367 84.4,2 83.518 82.594 81.669 80.745S 79.820
85.322 84.396 83.470 82.544 81.617 80.691 79.76S 768.839 77.913
83.377 82.450 81.522 80.595 79.668 78.740 77.813 76.886 75.958
81.534 80.605 79.675 78;745 77.818 A76.§85 75.953% 75.02% 74.0%6
79.482 78.532 77.622 75.692 75.762 74.832 73.502 72.972 72.063.

76.622 75.792 74.781 73.861 72.9430 72.020 71.100 70.179 69.259
74.539 73.619 72.699 711.279 70.858 69.939 69.020 68.100 67.186
72.426 71.507 70.588 69.669 68.750 67.831 66.912 65.993 65.074

o

s
-

*

€9.25¢€ €5.352 67.447 66.543 65.639 64.735 63.830 62.926 6

$¢

“

§4.648 63.778 52.903 52.040 61.171 60.301 59.432 $8.5¢3 S

.

ELECTRODE TEMPERATURE DISTRIBUTION .-
STARTING TIME = 20.00 . - . ’

ENDING TINE = 30.00

AVERAGE TEMPERATURE = 83.995

PRESURE- 3500.0 KPa

REYNOLD'S NUMBERe 0.15000E+02

COOLANT:0il

_; i 102.898 101.856 100.815 99.773 58.731 97.690 96.648 95.606 94.56%
zgl; 101.051 100.004¢ 98.958 97.912 96.865 95.81¢ 94.772 93.726 92.5879
S

$8.883 97.835 96.787 95.739 94.6§1 93.643 92.595 91.547 90.499
$6.907 95.855 94.803 93.752 92.700 91.648 90.596 89.544 88.432
94.815 $3.760 92.706 91.651 90.597. 89.542 88.487 87.433 86.37¢

32.956 91.896 90.836 89.776 88.716 87.656 86.596 85.536 84.475
90.666 89.606 88.545 87.484 86.423 8s5.1362 84.301 83.241 82.180

86.505 85.466 84.427 83.387 82.348 81.309 80.270 79.231 78.192
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TABLE C-2. Continued.

80.994¢ 79.956 78.918 77.880 76.842 75.e0n

e

[
a

11
.
(-]

84.108 R3.C70 8 3
81.643 83.607 79.371 78.51% 77.499 76.463 75.427 74.391 73.38:2
76.810 75.807 74.804 73.801 72.798 71.795 70.793 §9.790 68.787

68.931 63.004 67,0797 66.151 65.224 54.297 63.379 62.443 61.51%

ELECTRCDE TEMPERATURE D!SAR!BUTION

STARTING TInL = 3¢.00

ENDING TIME = 40.00

AVERAGE TEMPERATURE = 95.257

PRESURE= 3500.0 KPa

REYNOLD'S NUMBER= 0.15000E+02 N
COOLANT:0il

E ! 116.999 115.81% 114.630 113.446 112.262 111.077 103.893 108.708 107.3524
115.132 113.940 112.748 111.556 110.363 109.171 107.979 106.786 105.59%
112.749 1131.55¢ 110.35) 199.164 107.969 106.774 105.579 104.38& 103.18¢
110.682 109.48C 1TB.279 107.077 105.876 1J44.674 103.473 102.271 101.07¢
108.414 107.208 106.002 104.797 103.591 102.385 101.179 99.973 98.75%
106.550 105.335 104.120 102.905 101.690 100.474 99.259 98.044 96.829
104.024 102.807 101.5S90 1G0.373 99.155 $7.938 96.721 95.504 94.287

98.229 97.549 95.86% 94.689 93.50¢ 92.329 91.149 89.969 868.782
$5.458 94,277 €3.09¢ 91.921 90.743 89.365 88.382 87.209 B6.032
92.566 e1.352 $6G.217 39.042 87.868 86.693 85.519 84.344 83.170
85.67S 31.55% 83.437 82.319 - 81.200 80.081 78.963 77.844 75.725.
73.928 72.931 71.9374- 70;9434_ 69.948 68.554 67.960 65.966 §5.972

LECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME = 40.00

ENDING TIME = 50.00
AVERAGE TEMPERATURE ~108.672
PRESURE= 3500.0 KPa

REYNOLD’S NUMBER= 0.15000E+02
COOLANT:0il

133.815 132.461 131.106 129.752 128.397 127.042 125.688 124.333 122.578
131.923 130.557 129.191 127.825 126.459. 125.092 123.726 122.360 120.394¢
129.290 127.920 126.5S50 125.179 123.809 i22.438 121.068 119.69%7 118.327
127.120 125.740 124.360 122.981 121.601 120.221 118.841 117.4€1 116.081

ORIGINAL. PAGE 1S
OF POOR‘QUALITY
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TABLE C-2. Continued.

12¢.645 123.258 121.872 120.486 119.099 117.713 116.326 113.940 112,353
122.791 121.391 119.99C 118.%90 117.189 115.789 114.389 112.988 111.38:2
120.042 118.637 117.232 115.828 114.423 113.019 111.614 110.210 102.80%
112.188 110.840 109.493 108.145 106.797 105.450 104.102 102.754 101.(07‘4
108.962 107.617 106.273 104.928 103.583 102.238 100.894 99.54¢ 9€.204
105.56G 104.221 102.881 101.542 100.202  98.863 97.523 96.184 94.844
96.109 94.0854 93.599 92.344 91.089 39.b3l'. 88.579 87.328 86.0%¢C
756.739 78.667 77.595 76.523 75.451 74.378 73.306 72.234 71.162

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME ~ S0.00

ENDING TIME = 60.00

AVERAGE TEMPERATURE =124.712
PRESURE= 3500.0 KPa

REYNOLD’S NUMBER= 0.1S000E+02
COOLANT:0il

153.949 152.391 150.832 149.274 147.715 146.157 144.538 143.040 231.432
152.024 150.450 3:48.875 147.301 145.727 144.152 142.578 141.00¢ 139.42¢
149.101 147.520 145.940 144.359 142.779 141.199 139.618 138.038 136.458
146.817 145.224 143.630 142.036 140.442 138.84% 137.255 1135.662 134,068
144.093 142.490 140.887 139.284 137.682 136.079 134.476 132.674 131.272

142.271 140.648 135.026 137.403 135.781 134.158 132.536 130.913 129.291
139.329 137.698 136.668 134.438 132.808 131.178 129.547 127.917 125.287
128.874 127.326 125.778 124.230 122.682 121.134 119.586 118.038 116.48¢
125.101 123.557 122.013 120.470 118.926 117.382 115.838 114.294 112.756
121.076 119.539- 118.003 116.467 114.930 113.394 111.858 110.321 108.78¢
108.430 107.014 105.598 104.183 102.767 101.351 99.935 98.520 97.204
86.510 85.347 84.184 83.021 81.857 80.694 79.531 78.368 77.20¢

ELECTRODE TENPERATURE DISTRIBUTION
STARTING TINE = 60.00

ENDING TINE = 70.00

AVERAGE TENPERATURE -143 966
PRESURE= 3500.0 KPa

REYNOLD'S NUMBERe 0.15000E+02
COOLANT:0il

ORIGINAL. PAGE IS
OF POOR QUALITY
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TABLE

178.15¢
176.185
172.92¢
170.51S
167.490
165.731
362.552
is3.901
144.464
139.§77
123.030

94.401

ORIGINA

c-2.

176.350
174.361
171.091
168.664
165.627
163.841

160.749

i47.112
142.681
137.905
121.423

$3.131

319

Continued.

174.547
172.536
169.258
166.813
163.764
161.951
158.846
145.323
140.898
136.1133
119.817

91.862

172.742
170.712
167.425
164.962
161.901
160.061

156.943°

143.535
139.115
134.360
118.211

90.592

170.940
168.887
165.592
163.111
160.038
158.171
155.040
141.746
137.332
132.588
116.604

89.323

169.136
167.063
163.759
161.250
158.175
156.280
153.137
139.957
135.549
130.81S
114.998

88.054

167.333
165.238
161.92¢
15%.410
156.312
154.390
151.234
138.169
133.766
129.043
113.392

86.784

165.529
163.414
160.093

157.559

154,445

152.500'

149.331
136.380
131.9¢€3
127.271
111.78S

B85.515

163.72¢
161.589
158.253
155.7¢3
152.586
150.61¢0
147.427
134.591
130.201
125.é58
110.17¢

84.24€



PART 2: EXAMPLES OF TEMPERATURE DISTRIBUTiON
DURING SHUT-DOWN PROCESS WITH OIL COOLANT

TABLE (C-4) - TABLE (C-5)




!
§

TABLE

C-3.

Example of Te

ELECTACDE TEMFERATURLC DISTRIBUTION
STARTING TIME »322.00
ENUDING TINME «159.0C

AVERAGE TEMPENATURE =18%5.641

PRESURE=

¢.0 XPa

PEYNOLD’S NUMBER~ 0.15900E+C2
COCLANT:0IL "

208.054
205.684
202.446
199.654%
197.062
194.478
191.902
189.291
186.737
184.182
181.741
179.177

206.63¢6
204.267
202.034
198.242
195.656
193.073
190.499
18%.89%0
185.338
182.784
180.345
177.782

205.219
202.850
199.623
196.834
194.250
191.669
189.096
186.450

183.929

181.387
178.948
176.387

ELECTRODE TEMPERATURE
STARTING TIME «150.00
ENDING TIME =180.00 :
AVERAGE TEMPERATURE «171.446 .

PRESURE=
REYNOLD’S NUMBERe 0.15000E+02

COOLANT:OIL

194.247
192.026
187.942
184.875
182.200
179.533
176.884
174.164

192.924
190.703
186.632
183.571
189.899
178.236
175.591
172.8758

0.0 KPa

191.600
189.380
185.322
182.268
179.599
176.940
174.298
171.586

203.802

201.432

198.212
195.426
192.843
190.264
187.694
185.089
162.539
179.989
177.551
174.993

202. 384
200.01S
196.801

1%4.018.

191.437
188.860
186.291
183.588
181. 140
178.592
176.155
173.598

DISTRIBUTION

190.277
188.0S57
184.012
180.964
178.299
175.643
173.008

170.297

188.954
186.734
182.702
179.660
176.999
174.346
171.712
169.008

200.987
198.598
195.390
1592.610
1%0.031
187.455
184.888
182.287
179.7(}
177.19¢
174.758
172.203

187.631
185.410
181.392
178.1356
175.699
173.050
170.419
167.720

159.550
197.181
193.979
191.202
138.625
186.051
183.485
180.487
178.242
175.797
173.362
170.80¢

186.308
184.087
180.082
177.082
174.398
171.753
169.126
166.431

198.133
195.764
192.568
189.7%¢
187.218
184.646
182.082
179.488
176.%43
174¢.400
171.965
1€65.424

184.964
182.764
178.772
175.749
173.098
170.457
167.833
165.142

mperature Distributicn During Shut-
Down Process with 0il Coolant (P=0 Kpa, Re=15).

196.715
194.346
191.157
168,356
165.812
182,242
180.680
176. 85
175.54¢
173.¢02
170.569
168.019

183.661
isl.41
177.462
174.445
171.798
169.160
165.540
163.853



TABLE C-3. {Continued)

171.561 170.276 168.990 167.705 166.41°9
168.957 167.87% 166.1352 165.112 163.830
166.591 165.311 164.031 162.751 161.471
163.92¢S 162.694 161.417 160.141 158.86<

. ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME -180.3¢C
ENDING TIME =210.00
AVERAGE TEMPERATURE «156.126
PRESURE= 0.0 KP3
REYNOLD'S NUMBER= 0.15000E+02
COOLANT:CIL

179.207 177.986 176.765 175.544 174.32¢
177.148 175.927 174.707 173.486 172.266
172.182 170.982 169.782 168.582 167.182
165.806 167.695 166.504 162.313 164.122
165.137 164.951 163.76¢ 162.580 161.395
163.402 162.222 161.042 159.862 158.682
160.696 159.521 158.346 157.172 155.997
157.883 156.71F 155.546 154.378 153.2iC
1§5.350 154.086 152,922 151.760 130.597
152.616 1S51.458 150.300 149,142 7 147984
150.340 149.185 148.030 146.875 145.719
147.682 146.533 145.383 144.233 143.08¢

ELECTRODE TEMPERATURE DISTRIBUTION

STARTING TINE =210.00 o

ENDING TIME =240.00

AVERAGE - TENPERATURE =140.193°

PRESURE= 0.0 KPa

REYNOLD'S NUNBER= 0.15000£+02

COOLANT:01L
163.371 162.258 161.145 160.032 158.919
161.484 160.371 159.259 158.146 157.034
155.669 154.584 153.499 152.414 151.329
152.201 151.128 150.054 148.581 147.908

165.134 163.849 162.563 131.27¢
162.548 161.366 159.98¢ 132.702
160.190 158.91G 157.630 156€.35¢
157.588 156.312 155.035 153.752
173.103 171.882 170.661 169.441
171045 169.825 168.604‘ 167.383
165.182 16¢.982 163.731 162.581
162.931 161.740 160.549 155.338
160.209 159.024 157.838° 156.€52
157.501 156.321 135.141 153.361
154.822 153.646 152.473 151.29%
152.041 150.873 148.70% 126,536
149.434 148.270 147.107 135.544
146.826 145.658 144.510 143.352
144.564 143.409 '142.253  141.098
141.934 140.785 139.635 138.486
157.807 156.694 155.581 154.468
155.921 154.808 153.696 152.583
150.244 149.159 148.024 146.989
146.834 145.761 144.688 143.614
ORIGINAL, PABE 1S

OF POOR QUALITY



TAELE C-3. {Continued).

149.403 148,337 147.271 146.204
146.626 145.567 144.508 143.449
143.889 142.837 141.785 140.73¢
1431.015 139.97! 1356.928 137.884
138.378 137.34r 136.304 135.287
135.742 124.712 133.682 132.652
133.575 132.548 131.522 130.495
130.910 129.891 128.872 127.853

145.1238
142.390
139.682

136.841

134.230
131.622
129.469
126.834

ELECTPCDE TEMPERATURE DISTRIBUTIO!

STARTING TIME =240.00 .

ENDING TIME =270.00

AVERAGE TEMPERATURE =124.137
PRESURE= 0.0 KPa

REYNOLD’S NUMBERe 0.15000E+02
COOLANT:OIL

147.169 1436.167 145.164 144.162
145.459 144.457 143.455 142.452
138.889 137.921 136.953 135.985
135.313 134.361 133.407 132.453
132.503 331.557 120.58i2Z 129.666

129.718 128.782 127.84S5 126,909

126.987 126.056 125.130 "124.202
124.092 123.174 122.255 121.337
121.485 120.575 119.665 118.7S5
118.883 117.981 137.073 116.177
116.842 115.94¢ 315.046 114.148
114.209 113.320 122.431 111.542

143.159
141.450
135.017
121.498
12¢8.721
125.872

123.274
" 120.419

117.844
115.275
113.250
110.653

ELECTRODE TEMPERATURE DISTRIBUTIOA

STARTING TIME =270.00
ENDING TIME =300.00

AVERAGE TEMPERATURE «108.397
PRESURE- 0.0 KPa

REYNOLD*S NUMBER= 0.15000E+02
COOLANT :0IL

GTIGINAL PABE 1S
oF POCRQUALITY

144072 143.006
141.331 140.272
138.630 137.578
135.797 134.75¢
133.194 132.157
130.592 129.562
128.443  127.416
125.815 124.796

142.157 141.15¢
1140.448 139.446
134.038 133.080
~30.544 12%.550
127.775  125.830

125.035 124.098
122.335  121.437
119.501 118.582
116.934 116.02¢
114.373 ° 113,471
312.353  111.45%
109.764 108.875

141.940
139.213
136.526

'133.710

131.12¢
128.532
226.3%0
123.7717

140,152
138.443
132.112
12£.536
125.884
123.161
120.489
117.664
115.114
112.569
110.557
107.986

14G.8%<
138,188
13£.45¢
122.607
130.04d3
127.502
125,383
122.758

139.1¢8
137.441
131.143
127.638:

124.¢3¢

119.560
116.746
114.203
111.8667
109.659
107,037



TABLE C-3. (Continued).
131.093 130.11¢ 129.218 128.325 127.433
129.47C 128.578 127.686 126.794 125.901
122.287 121.4d3% 120.582 119.730. 118.878
119.682 117.845 117.903 131,171 115.33¢
115.89€ :15.0€9 114.242 113.414 112.587
113.145 112.328 111.511 110.694 109.877
110.157 109.C50 108.843 108.035 107.228
107.591 106.794 105.998 105.202 104.406
195.052 104.265 103.478 102.691 101.904
102.522 101.744 100.966 100.188  99.410
100.6213 99.850 99.076 96.303 87.530
98.064 97.3¢Ci 96.537 95.774 95.011
ELEZTRODE TEMPEINATUSRE DISTRIBUTION
STARTING TIME «3(0.0C
ENDING TINKE «330.00
AVCRAGE TEMPERATURE « 93,345
ERESURE= 0.0 KPa
REYNOLD'S NUMBER= 0.1S000E+02
COOLANT:0OIL
115.232 114.443% 112.660 112.875 112.090
113,871 113.086 112.202 Jl{:Sl’ .110.733
106.254 - 105.513 104.773 104.032 103.291°
102.650 101.966 101.242 100.518 - 99.793
99.973 99.259 98.546 97.833 $7.119
97.299 96.597° 95.894° - 95.191  94.489
94.658 9¢.005 93.313  92.621 - 91.929
91.908 91.228 90.548 89.868 69.188
89.476 88.806 88.136 87.465 86.795
87.057 86.396 85.736 85.075  84.415
85.314 B84.658 84.003 83.347 82.692
$2.871 $2.225 81.560 00.935  80.290

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =330.00

126.541
125.009
113.625%
124.497
111.760
109.060
105.420
103.610
101.117
98.532
'96.757
94.247

112,308
109.948
102.551
95.069
96.406
93.786
91.237
88.598
86.124
83.754
82.036
79.645

125.648
124.117
117.173
113.660
110.933
108.243
105.613
102.812

100.329 -

97.854
95.984
93.484

110.520
109.163
101.810

T 98.345

95.692
'93.083
90.544
87.828
85.454
83.0%4
81.38)

. 79.000

124.756
123.22%
116.321

112.823

110.106
107.426
104.805

102.017 -

99.542
87.077
95.210

92.721

1058.735
108.379
10i.069
97.621
94.979
92.381

89.852

87.147
84.784
82.433
80.725
78.355

123.833
i22.332

115.468

105.27¢
106.608
103.998
101.221

T 98.755

96.299
94.437
91.957

108.95%3
107.5%4
100.329
96.897
94.266
91.678
89.1€0
B6.457
84.113
81.773
80.069
77.710



TABLE C-3.

325

(Continued).

ENDING TIME =360.00
AVERAGE TEMPERATURE = 79.277

PRESUPRE=

0.C xpPa

REYNOLD’S NUMBER= 0.150G0E+02

COOLANT:OIL

100.154 09 477
98.964 $8.282
$1.108 9C.473
87.656 87.038
85.050 84.443
82.494 81:898
80.019 79.434
77.385 76.782
75.065  74.502
72.792 72.240
71.218 7C.667
68.924 68.338

96.790
97.600
89.838
86.419
83.836
81.303
78.849
75.210
73.940
71.687
70.120
67.851

98.207
96.918
89.203
85.c¢1
83.229

'80.707

78.264
75.637
73.377
71.125%
69.573
67.315

97.428
96.236
8a.568
85.183
82.622
80.111
77.679

75.065--

72.815
70.583
£9.026
66.778

ELZCTRODE TEMPEPATURE DISTRIAUTION
STARTING TINE =360.00
ENDING TIME «390.00

AVERAGE TEMPERATURE ~ 66. 407
PRESURE= 0.0 Xra
REYNOLD’S NUMBER= 0. JSDOOE‘OZ

COOLANT:01IL

86.019 85.433
84.987 84.402
77.094 76.556
73.814 73.293
71.357 70.848
68.957 68.459
66.642 66.155
€64.146 63.671
62.028 61.563
59.931 59.477

'84.847

83.816
76.019
72.773
70.338
67.961
65.668
63.197
61.098
59.022

84.261
"83.231

75.482
72.252
69.829
67.463
65.181
62.722
60.634¢
$8.567

83.675
82.645
T74.944
71.732
69.320
66.965
64.694
62.247
60.169
53.112

9€.743

95.554
87.933
84.565
82.015
79.515
77.094

- 74,493,

72.253
70.030
62.478
66.242

83.089
32.060
74.407
71.211
68.811
66.467
64.206

61.772

59.704
5§7.658

96.061
94.872
87.298
83.947
61.408

" 78.920

76.309

*73.920

71.690
69.478

- £7.231

65.705

82.503"

81.474
73.e70
70.691
68.302
€5.969
63.719
61.298
55.239
57.203

95.37¢
94.190
86.653
83.329
80.891
78.3243
75.924

73.34€

71.128

68.926

67.2184
65.169

1.917
80.883
73.332
70.170
67.792
65.471
63.232
€60.823
58.77S
56.748

92.696
93.509
86.028
82.710
80.194
77.728
75.339
72.775
70.565
68.374

66.837

64.632

81.331
80.303
72.7°5
69.650
67.283
64.973
62.743
60.348
$8.310
56.294



TABLE C-3. (Continued).

58.52¢ 53.073 57.626 $7.176 56.726 $6.277 §5.827 §5.:277 5i.927
| 86.419  S5.949 §5.54) $5.102 54.662 54.223 53.784 §3.1345 §2.90¢

ELECTRCDE TSMPERATURE DISTRIBUTION
STARTING TIME =390.00

ENDING TIME =420.00

AVERAGE TEMPERATURE = 54.867

PRESURE= £.0 KPa _
REYNOLD'S NUMBER= G.15000E-02 ' .
COOLANT:0IL

73.003 72.506  73.009 71.511  71.014  70.S17 70.019 69.522 62.925
72.119  71.622 71.12S  70.628 70.132 6€9.635 69.135 68.641  6B.14«
64.377 63.928 63.480 63.031 62.582 62.133 61.685 61.236  60.727
61.320  60.888  60.455 60.021 . 'S3.5%0 S$9.158 58.726  58.293  53.361
59.04¢ $8.622 58.201 S7.780 57.358 56.937 S$6.516 56.054  5I.673
56.825 56.419 56.008 55.598 S5.187 S5d.777 54.367 53.956  53.54¢
54,703  54.30¢ S53.204 S3.504 53.104 52.704 52.304 51.904 51.504
§2.409 52.021 51.633 51.245 S0.8S7 50.469 50.082 45.69¢ 49.30¢
50.485 50.106 49.728  49.350 48.972  48.593  48.215  47.837  47.455
] 43.587  4£.218  47.64%  47.6E1  47.112  4€.743  46.375  46.306  d5.538
47.352  46.989  46.625  46.261  45.897  45.S33  45.169  44.805  &4.342
45.452  45.09%  44.745  44.391  44.038  43.684 43.330 <42.976  ¢2.522

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TINE =420.00 ’
ENCING TIME =450.00

AVERAGE TEMPERATURE = 44.717
PRESURE= 0.0 KPa

REYNOLD’S NUMBERe 0.15000E+02
COOLANT :0IL

61.222 60.805 60.388 59.971 $9.554 $9.137 58.720 58.303 57.886
60.473 60.057 59.640 59.223 58.807 58.390 57.973 57.557 $7.140
53.051 52.681 52.311 S1.9<2 $1.572 51.202 50.832 50.462 56.092
50.2S55 49.909 49.546 49.191 4!.!3i 48.483 48.128 47.77% 47.412
48.182 47.838 47.494 47.151 46.807 46.463 46.119 45.77§ 45.421
46.175 45.841 45.508 45.174 44.84) 44.507 44.174 43.840 43.507
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TABLE C-3. (C ontinued).

44.258 €3.934 ¢3.611 43.287 42.964 42.64¢C 42.31$ 31.993 £l.8£¢
£2.182 {1.87¢ 41.563 41.251  «0.93¢ 4C.627 45.315 £0.002 3¢.638
40.472 40,169 319.866 39.562 39.259 38.956 38.553 33.J349 35.045
38.786 38.42°1 38.197 37.903 37.609 37.314 37.020 36.72¢ 3c.431
37.719 37.430 37.140 36.850 36.560 36.270 35.98¢ 35.691 32.40:
3€.040 35.759 35.478 35.198 34.917 34.637 34.356 34.076 32.7e8

ELECTRODE TEMPERATURE DISTRIBUTION
STARTiING TINE =450.00

ENDING TINE «480.00C

AVERAGE TEMPERATURE « 35.953
PRESURE= 0.0 KPa

REYNCLD’S NUMBERe 0.15000E+02
COOLANT:0IL

£0.734 50.288 56.043 49.697 49 .352 49.006 48.660 48.315 47.9¢€¢
$0.107 49.761 49.416 49.071 = 48.726 48.380 48,035 47.690 47.348
43.142 42.84£ 42.541 42.240 41.939 41.639 41.338 41.037 4C.737
40.631 40.344 40.058 39.771 39.485 39.198 38.912 38.625 3E.23%
38.777 18.500 38.223 37.947 37.670 37.393 37.116 36.840 36 563
36.98S 36.722 3£.455 3c.188 3s5.921 35.565¢ ¥5.38% 35.119 33.8
35.291 33.033 3¢.775 ?4.517 34.259 34.001 33.743 331.485 3z.22
33.480 23.212 32.964, 35;717 32.469 32.222 31.974 31.726 31.45¢
31.958 31.718 31.479 3&.239 31.000 30.76¢C 30.521 - 30.282 ac.o04&
30.487 30.256 30.024 29;793 | 29.562 29.33 23.099 23.868 25.657

29.581 29.354 29.126 28.899 28.672 28.445 28.217 27.990 27.763
28.124 27.905° 27.686 27.467 27.248 27.029 26.811 26.592 26.373

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =480.00

ENDING TIME =510.00 .

AVERAGE TEMPERATURE = 28.519
PRESURE= 0.0 KPa

REYNOLD’S NUMBER~ 0.15000E+02
COOLANT:01IL

41.544 41.261 40.978 40.695 40.412 40.129 39.846 39.563 39.280
41.024 40.742 40.459 40.176 39.894 39.611 39.328 39.046 38.763

ORIGINAL PARE IS
OF POOR QUALITY




TABLE

34.623
32.407
30.777
29.214
27.737
26.146
24.855
23.597
22.840
21.600

c-3.
34.382
32.179
30.558
29.003
27.531
25.953
24.669
23.418
22.664
21.432

(Continued).

34.140
31.950
30.338
28.792
27.331
25.799
24.483
23.2453
22.489
2i.264

33.899
31.722
30.118
25.581
27.128
25.566
24.297
23.0€0
22.313
21.096

33.658
31.493
29.899
28.37¢C
25.926
25.372
24,110
*22.88i1
22.138
20.928

33.416
31.265
29.679

-28.189

26.723
25.179

..23.924

2z.702

-21.962

20.760

33.175
31.03¢6
29.460
27.948
26.520
24.985
23.738
22.523

- 21.787

20.591

32.934
30.807

29.240,

27.737
26.317
24,792
23.552
22.344
21.611
20.423

ORIGINAL PAGE IS
OF- POOR QUALITY

28.598

2:.3635
22.165
21.435
20.255
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TABLE C-4. Example of Temperature Distribution During
Shut-Down Process with 0il Coolant
(P=0 KPa, Re=1S5).

ZLECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =320.00

ENDING TIME =150.00

AVERAGE TEMPERATURE =-187. 790

PRESURE= 1500.0 KPa

REYNOLD'S NUMBER= 0.15000E+02 : .
COOLANT:CIL”

208.054 206.920 205.786 204.652 1 203.518 202.385 201.251 200.117 198.933 -
205.779 204.645 203.511 202.377 201.243 200.110 198.976 197.842 196.708
202.634 201.50% 200.376 159.247 198.118 196.98% 195.860 194.732 193.603
199.932 198.805 197.679 196.553 195.426 194.300 193.173 192.047 190.921
197.437 196.312 195.187 194.062 192.937 191.812 190.687 189.562 188.43%
194.94€ 193.822 192.699 191.575 190.452 189.328 188.204 187.081 185.957
192.453 191.341 190.213 189.09¢€ 187.974 186.852 "185.730 164.507 183.48%
189.945 188.82% 187.704 186.583 185.462 184.342 183.221 182.101 180.92¢
187.483 186.364 185.244 .18‘.125 £83.006 1517387 180.767 179.648 178.52%
165.020 183.902 182.784 181.666 180.548 179.430 178.212 177.194 175.03%
187.672 181.555 1890.438 179.311 178.203 177.886 175.969 174.852 173.734
18¢.200 179.C8¢& 177.968 176.852 175.737 174.621 173.305 172.389 17..25¢

ELECTRODE TEMPERATURE DISTRIBUTION

STARTING TIME =150.00 -
ENDING TIME =180.00 : . . ’

AVERAGE TEMPERATURE =173.34S

PRESURE= 3530.0 KFa

REYNOLD’S NUMSER= 0.15000E+02

COOLANT:OIL .

194.247 193.188 192.130 191.072 190.013 188.954 187.895 186.837 185.778
192.114 191.056 189.997 188.939 187.880 186.822 185.763 184.705 183.645
188.117 137.069 186.021 184.973 183.925 182.877 181.829 180.781 179.733
185.136 384.093 183.050 182.007 180.964 179.921 178.878 177.835 176.792
oot 182.546 181.306 180.466 179.426 178.386 177.346 176.305 175.265 174.22%
- ;, 179.965 178.928 177.890 176.853 175.816 174.779 173.741 172.704 171.667
] 177.401 176.367 175.332 174.298 173.264 172.229 171.195 170.160 169.126
174.765 173.73a 172.703 171.672 170.641 169.610 168.579 167.548 166.517

CRIGINAL PARE 1S
OF POORQUALITY




TABLE C-4. (Countinued).

172.2457 171.218 170.190 169.162 168.133

169.327 168.701 157.67S 166.650 165.624
167.445 166.421 1€5.335 164.372 163.2348
164.906 163.885 162.864 161.843 1635.822

ELECTRODE TEMPERATURE DISTRiBUTION
STARTING TINE =18J.00

ENDING TINE =210.00

AVERAGE TEMPERATURE =157.852
PRESURE= 3500.0 KPa

REYNOLD'S NUNMAER= 0.15000E+02
COOLANT:0IL

179.207 178.230 177.253 176.2717 175:300
177.229 176.253 175.276 174.300 173.324
172.342 171.382 170.422 169.462 1‘!.502
169.124 168.172 167.219 166.266 165.313
166.453 165.585 164.556 163.608 162.65%
163.795 162.851 161.907 160.963 160.019

161.166 160.226 159.286 158.346 157.407

158.428 157.494 15€.539 155.624 184.690
155.870 154.942 154.0092 153.078 152.148
153.311 152.385 151.458 ISO.SBQt 149.605
151.111 150.186 149.262 148,338 - 147.414
148.525 147.606 146.686 145.766. 144.5‘7

ZLECTRODE TEMPERATURE DISTRIBUTION
STARTING TINE =210.00

ENDING TIRE =249.00

AVERAGE TEMPERATURE =141.741
PRESURE= 3500.0 KPa

REYNOLD’S NUMBER=- 0.1S000E+02
COOLANT:0IL

163.371 162.481 161.590 160.700 159.810
161.558 160.668 15S9.778 158.0888 157.998
155.814 154.946 154.078 153.210 152.342

152.416 151.S57 150.698 149.840 148.981

167.105
164.599
162.324
159.801

174.324
172.347
167.542
164.360
161.721
159.075
156.467
1€3.755
151.217
148.679
146.490
143.927

}5!.919
157.108
151.474
148.122

166.07
1835.573
161.300
158.779

173.347
171.371
166.582
163.408
160.762

‘158.131

155.527
152.920
150.267
147.752
145.565

143.007

158.029
156.218
150.606
147.264

165.948
162.548
160.276
157.758

172.370
170.394
165.622
162.455
15%.81¢8
157.187
154.587
151.886
149.356
146.825
©144.641
142.088

157.139
155.327
149.738
146.405

16<5.02¢C
161.522
159.232

156.737

171.394
169.418

161.502
158.8€5
156.243
153.648
18C.9¢:
148.42¢
145.90C
143.717%
141.162

156.24¢
154.437
148.370
145.546




TABLE C-4. (Continued).

149.687 148.834 147.981 147.128 146.276 145.423 144.570 142.717 142.85¢

145.979 146.132 145.285 144.437 143.590 142.743 1‘1.!96 141.049 140.202

144.310 143.438 142.S27 141.785 140,943 149.102 139.261 138.32¢ 137.372

144.502 140.667 139.832 138.997 138.162 137.328 136.493 125.6538 134.822

138.931 13£.101- 137.272 136.442 135.613 134.783 133.954 133.12¢ 132.295

136.360 135.536 134.712 133.888 13;.066 132.24C 131.416 130.592 129.788

134.259 133.438 132.617 131.796 130.975 130.153 129.332 128.511 127.69%0 .
131.658 130.842 130.027 129.212 128.397 127.581 126.766 125.951 125.136

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =240.00

ENDING TIME «270.00

AVERAGE TEMPERATURE =125.505
PRESURE= 3500.0 KPa

REYNOLD'S NUMBER= 0.1S000E+02
COOLANT:0IL

147.169 146.367 i45.565 144.763 143.?61 143,159 142.357 141.555 140.7S3
145.526 144.724 143.922 143.120 142.319 141.517 149.715 139.913 139.111
139.013 138.244 137.469 136.695 135.920 135.146 134.371 133.597 13z.82:
135.506€ 134.733 133.980 123.216 132.453 131.$85 130.526 135.162 135.3¢5
132,755 2131.999 131.242 13?.486 129.729 128.973% 128.217 127.460 126.70s

130.031 129.282 128.532'.127.783‘ 127.034 126.28B4 125.535 124.785 124.03¢
127.358 126.61% 125.873 125.130. 12‘;3@1',123;6(5 122.902 122.160 121.417
124.521 123.786 123.081 122.317 121.582 120.847 120.113 119.378 118.644
121.971 121.243 120.514 119.786 119.058 118.330 117.602 116.873 116.145
119.42¢4 118.702 117.?!1 117.259 116.537 115.816 115.094 124.373 113.6S5i
117.440 116.722 116.004 115.286 114.567 112.849 113.131 112.412 111.694¢
114.861 114.150 113.439 112.727 112.016 111.305 110.594 109.883 109.171

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =270.00

ENDING TIME =300.00

AVERAGE TEMPERATURE «109.588
PRESURE= 3500.0 KPa

REYNOLD*S NUNMBER= 0.15000E+902
COOLANT:O1L

ORICINAL PAGE IS
OF POOR QUALITY
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TABLE

131.005
129.52¢
122.401
118.84°
116.216
113.418
110.780
107.962
105.472
102.988
101.138

98.624

C-4. (Continued).

130.289
122,816
121.712
11€.18%¢0
115.45%
112.7%3
110.13%
107.32%
104.842
102.366
100.520
©8.013

1292.5875%
128.102
121.9037
117.512
114.793
112,119
109.489
106.688
104.213
101.744

99.%01

97.402

ELECTRCCE TEMPEZRATURE
STARTING TIME =300.00
ENDING TIME =330.00

AVERAGE TEMPERATURE = 94 .368
PRESURE= 3500.0 «Pa
REYNOLD’S NUMBER= 0.15000E+02
COOLANT:OIL

©115.230

113.923
108.1353
102.835
100.163
97.534
9¢.975
92.226
89.834
87.453
85.751
83.344

111.6492
113,286
165.760
102.256
99.592
96.972
94.421
21.682
89.298
86.925
85.227
82.828

113.974
112.665

105.168

101.676
99.022
96.409
93.867
91.138
88.761
86.396
84.702
82.311

128.861 128.147
127.388 126.675
120.355 119.673
116.841 116.172
114.131 113.470
111.457 119.803
108.843 108.197-
106.051 105.414
103.583 102.953
101.121 100.499
99.283 98.664
96.792 96.181
DISTRIBUTION
113.346 112.718
132.040 111.413
19i.515 103.983
101.097 100.518
98.451 97.280
95.847  95.285
93.313 92.759
90.593  90.049
88.225 87.689
85.868  85.340
84.178 83.653
81.795 £1.279

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =330.00

127.433
125.961
118.391
115.501
112.808
310.149
107.551
104.777
102.323

99.877

98.046

95.570

112.090
110.788
103.290
99.938
97.310
9¢.723
92.206
89.505
87.152
8¢.811
83.129
80.763

126.719
125.247
118.2310
114.832
112.146
109.496
106.90S5
104.140
101.694

99.255

97.427

94.960

111.46€2

116.157

102.798

99.359
96.739
94.161
91.652
88.961
86.516
84.283
82.604
80.247

125.005
124.534¢
117.628
123.162
111.4385
108.842
106.259
103.504
101.064

968.632

96.808

94.349

110.834
109.530
102.205
‘g8.780
96.168
93.599
91.098
86.417
86.089
83.754
82.080
79.731

123.200
123538
116.33€ .
1:3.423
110.822
108.188
105.623
102.857
109.434
98.010
96.120
93.738

11€.29%

108.503

101.612
98.20C
95.597
92.03¢
96.54¢4
87.513.
8c.5:3
83.22€



TABLE C-4. (Continued).

ENDING TIME =360.00

AVERAGE TEMPERATURE = 80.144
PRESURE= 3500.90 KPa

REYNOLD®S NUMBER= 0.15000E+02
COOLANT:QOIL

10G6.154 99.608 99.063 96.517 97.971 97.425 96.879 96.334 9s.738
99.009 98.464 97.918 97.373 ?6.!27 96.282 95.736 $5.191 94.5¢5
91.193 90.685 §0.177 89.669 89.161 B8.653 88.145 87.637 87.129
87.779 87.285 86.790 86.296 85.801 85.307 8¢.812 84.318 8:.822
£5.211 84.725 84.240 83.755 83.269 82.784 82.298 81.813 81.327
£2.693 82.216 81.740 81.263 80.786 80.310 79.833 7?.357 76.880
80.253 79.785 79.317 78.849 78.381 77.913 77.445 76.977 76.508
77.622 77.164 76.706 76.248 75.750 75.332 74.874 74.416 73.95!
75.365 74.91% 74.465 74.015 73.565 73.115 72.665 72.215 11.7€3

.S8¢

w

72.123 72.681 72.240 71.798 71.356 70.914 16.472 70.030 [

~4

71.5680 71.142 70.704 70.266 69.828 6§9.391 68.953 68.515 68.07
6z.88

'S

69.318 68.889 68.459 68.030 €6€7.601 €67.172 66.742 66.313

5 ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =360.00

} ENDING TINF =390.00

; AVERAGE TEMPERATURE = 67.130
PRESURE= 3500.0 KPa .
REYNOLD'S NUMBERe 0.15000E+02
COOLANT:OIL : L

86.019 85.550_ 85.082 84.613 B4.144 83.675 83.207 82.738 82.269
85.026 84.558 84.090 83.621 83.153 82.684 82.216 81.747 81.279
77.165 76.73% 76.306 75.876 75.446 75.016 74.586 74.156 73 726
73.918 73.502 73.085 72.669 72.252 71.836 71.419 71.003 7¢.587
71.493 71.085 70.678 70.271 591863 69.456 69.048 68.641 68.234
69.123 68.724 68.326 67.928 67.529 67.131 66.732 66.334 6£.93¢
66.837 66.447 66.058 65.668 65.278 64.888 64.4%9 64.109 63.712
64.367 63.988 63.608 63.228 62.!4‘ " 62.469 62.089 61.709 61.32¢%
62.276 61.904 €1.532 61.160 60.788 60.417 69.045 §9.673 5%.301
60.204 59.840 59.477 $9.113 58.749 58.385 58.022 57.658 57.29¢

ORIGINAL PAQE 1S
OF POCRQUALITY
ORIGINAL. PAGE 1S
OF POORQUALITY
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TABLE C-4. (Continued).
58.825 38.465 56.106 $7.746 §7.386 57.026 56.666 £6.307 €2.9:7
$6.741 $6.390 5€6.038 %2 687 £€5.336 $4.984 54.633 54.282 $:.530

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME =390.00

ENDING TIME =420.00C

AVERAGE TEMPEPATURE = 355.463
PRESUFE~ 31500.0 KPa

REYNOLD'S NUMBER= 0.15U00E«02

COOLANT:OIL

73.003 72.605 72.208 71.810 71.412 72.014 70.616 70.218 69.821
2.182 71.75S 71.387 70.960 70.562 7G.165 69.767 69.370 68.972
64.437 64.078 63.719 63.360 £3.001 62.642 62.283 §1.924 61.565

61.407 61.061 60.715 60.369 §0.023 59.677 §9.331 58.985 . 58.659
55.156 58.819 56.482 58.145 §7.808 S7.471 §7.134 $6.797 S€.459
56.966 56.€38 56.309 §5.981 §5.653 55.324 54.996 54.668 §4.329
54.863 54.544 54.224 53.904 §3.584 53.264 §2.944 52.624 §2.362
§2.590 52.279 51.969 51.659 51.348 51.038 50.728 50.418 50.107
50.686 50.384 50.081 48.779 49.476 49.173 48.871 48.568 48.26¢
43.8B0E 48.523 468.218 47.923 £7.528 47,333 47.038 45.743 46.345

3 000w Hpragd ..

47.585 £7.364 47.013 46.722 46 . 431 46.139 45.849 45.537 42.256
45.712 45.42¢ 45.146 44.863 - 42.580 44.297 44.014 43.731 43.432

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME ~420.00

- ENDING TIME =450.00

- AVERAGE TENPERATURE = 45.201

r PRESURE= 3500.0 KPa
REYNOLD’S NUMBER= 0.1S5000E+02
COOLANT:OIL

61.222 60.889 _ 60.555 60.221 §9.888  $9.554 5¢.221 58.887 5§8.553
60.501 60.168 59.835 £9.501 59.155 58.834 58.501 58.168 $7.83¢
$3.100 52.804 52.509 2.213 $1.917 51.621 51.325 $1.029 $0.%34
50.326 - 50.042 49.759 49.475 49.191 48.508 48.624 48.341 46.05%
48.274 47.999 47.724 47.449 47.173 46.898 46.623 46.348 46.073
46.286 46.019 45.752 45.485 45.219 44.952 44.685 44.418 44.152

ORIGINAL PAGE IS
OF POOR QUALITY
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TABLE C-4.

44.387 44 128
42.332. 42.084
40.634 1G.294
38.962  38.727
37.913 37.681
36.245 36.021

43.869

4

-~
@
)
»n

s
~

(-]

4

'™

Ja.q91
37.449
35.796

73

335

(Centinued).

43.511
€1.582
39.906
30.256
37.217
35.572

€3.135.0
41.3328
32.6612
38.021
316.985

35.345

ELECTRODE TEMPERATURE DISTRIBUTION
STARTING TIME «=450.00
ENDING TIME «480.00

AVERAGE TEMPERATURE = 36.340
PRESURE= 3500.0 XpPa
REYNOLD'S NUMBER= 0.15000E+02

COOLANT:0IL

50.73¢ 50.458
50.130 - ¢9.853
43.182 42.942
40.688 40.459
38.851 38.629
37.c078 36.863
35.394 3s.188
33.578 33.377
32.085 31.894
30.626 30.441
29.733 29.551

28.285 28.109

58.181
48.577
42.701
40.230
38.408
36.€51
34.982
33.175

31.702

39.256
29.369
27.934

ELECTRODE TEMPERATURE
STARTING TIME «=480.00
ENDING TINE «510.00

AVERAGE TENPERATURE = 28.82S
PRESURE= 3500.0 KPa
REYNOLD’S NUMBERe 0.15000E+02

COOLANT:OIL

41.544 41.318
41.043 40.817

41.091
40.591

QRIGINAL PISE IS
OF POORQUALITY

49.935  49.628
49.301  49.025
42.461  42.220
40.000 39.771
38.186  37.965
36.437 36.224
34.775  34.569
22:98i  32.783.
31.511. 31,319
30.071  29.886
29.187  29.005
27.75%  27.%84
DISTRIBUTION
40.865 40.639
40.365 40.139

€1.093
<i.pes
39.421
37.765
36.753
35.123

49.352
48.74%
<1.980
39.542
37.744
3¢.010
34.363
32.585

©31.128

29.701
28.823
27.409

40.412
39.913

42.834
40.835
39.178
37.550
36.521
3¢.899

49.073
48.472
41.739
39.313
37.522
35.79¢
34.156
32.387
36.935
29.516

28.642.

27.234

40.18¢
39.686

£2.575
40.58%
36.236
37.314
36.290
34.67¢

4e.7399
48.196
41.498
39.084
37.301
35.582
33.9%0
32.189
30.744
29.331
28.460
27.059

39.959
39.460

39.733
39.23¢
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TABLE

34.655
32.453
30.835
29.284
27.818
26.236
24.955
23.704
22.957
21.724

C-4.

34.462
32.270
30.6690
29.115
27.656
26.082
2<.806
23.861
22.816
21.589

(Continued).

34.269
32.087
30.485
28.947
27.493
25.927
24.657
23.418
22.67§
21.455

34.076
31.904
30.309
28.778
27.331
25.772
24.508
23.275
22.535
21.320

33.883
31.722
30.133
28.609
27.169
25.617
24.359
23.131
22.395
21.186

33.497
31.356
2§.782
28.272
26.845
25.308
2¢.061
22.845
22.114
20.916

33.304
31.173
29.606
28.103
26.632
25.i53
23.912
+2.702
21.974
20.782

ORIGINAL PagE 1S
F POCR QUALITY

33.113
32.99¢
29.430
27.934
26.520
24.998
23.763
22.558
21.833
20.547
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APPENDIX D

CURRENT DENSITY DISTRIBUTION DURING
SHUT-DOWN PROCESS FOR:

(D-1) THROUGH (D-13): WATER COOLANT
(P=3500 KPa, Re = 1250)

(D-14) THROUGH (D-26): WATER COOLANT
(P=0 KPa, Re = 1250)

(D-27) THROUGH (D-39); WATER COOLANT
(P=0 KPa, Re = 6167)
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TRANSIENT CURRENT DENSITY DISTRIBUTION

rransient Currenl Density Profiles Transien! Current Densily 3D Contour

C .—N T < T

10—~

Fuel O \ .

: ¥ \o 168

@ Process pc
Alr : Re=1250,P=0 KPa

COOLING FLUID: WATER
SHUT-DOWN PROCESS
TIME INTERVAL NO.5

pDistribution During a
Re = 1250, T.I. = 5).

TABLED-18. Transient Current Lensity m::nwaors Process
(Water Coolant, P = 0 KPa,

gs¢
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APPENDIX E

EXPERIMENTAL (T,) TEMPERATURES

TABLE (E-1) WATER COOLANT AT (t=120 MIN;

TABLE (E-2) OIL COOLANT AT (t=120 MIN)
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WATER COOLANT (t = 120 min)

GPERATION CONDLITION Ty C° T, C° Ty C°

Re = 1250 .

E.E. = 3000 W/n" 52.11 ©G.46 88.71

P = 3 KPa

Re = 132!

E.E. = 3000 W/m, 89.98 87.01 84.5:

P = 0 KPa

Re = 6167

E.E. = 3000 W/m, 82.31 76.11 76.91

P = 0 KPa

Re = 1259

E.E. = 3000 W/m, 97.25% 94.51 91.01

P = 1400 KPa

Re = 3321

E.E. = 3000 W/m, 88.25 85.71 82.71

P = 14 KPa

R = 6167

E.E. = 3000 W/m, g4.11 8G.44 78.21

P = 1400 KPa

Re = 1250

E.E. = 3660 W/m, 97.01 94.98 92.1z

P = 2800 KPa

Re = 3321 :

E.E. = 3000 W/m, 88.24 86.98 83.91

P = 2800 KPa

Re = 6167

E.E. = 3003 W/m, 86.91 89.11 81.91
= 2800 KPa

Re = 1250

E.E. = 3000 W/m, 83.87 - 81.91 78.98

P = 3500 KPa :

Re = 3321

E.E. = 3000 W/M, 73.01 71.81 68.01

P = 3500 KPa

Re = 6167 .

E.E. = 3000 W/m, 73.02 70.10 67.23

P = 3500 KPa o
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E.E. = 3000 W/m,
P = 3500 KPa

104.07

OIL COOLANT (t = 120 min)
OPERATION CONDITION T, C° T, C° T, ¢°
Re = 15
E.E. = 3000 W/m, 129.01 128.77 126.99
P = 0 KPa
Re = 43
E.E. = 3000 W/m, 122.04 122.1c¢ 120.9
F = 0 KPa
Re = 80
E.E. = 3000 W/m, 119.81 118.34 117.01
P = 0 KPa
Re = 15
E.E. = 3000 W/m, 186.10 184.71 183.16
P = 1400 KPa
Re = 43
E.E. = 3000 W/m, 121.05 119.87 118.1
P = 1400 KPa
Re = 80
E.E. = 3000 W/m, 116.13 114.81 112.71
P = 1400 KPa
Re = 15
E-E. = 3000 W/m, 168.33 165.87 162.71
P = 2800 KPa
Re = 43 I
E.E. = 3000 W/m, 141.01 139.89 138.00
P = 2800 KpPa :
Re = 80
E.E. = 3000 W/m, 113.01 111.82 108.11
P = 2500 KPa
Re = 15
E.E. = 3000 W/m, 113.01 111.87 108.11
P = 3500 KPa
Re = 43
E.E. = 3000 W/m, 136.1 134.89 131.98
P = 3500 KPa
Re = 80

102.11 99.89
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